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ABSTRACT 
Aluminium alloys are frequently pre-treated by a conversion coating before application 
of an organic coating in order to improve the corrosion resistance and adhesive 
properties of the surface and the corrosion resistance provided by the system. Chromate-
containing conversion coatings are commonly used for this purpose. However, 
legislation limits future use of hexavalent chromium compounds due to their toxic and 
carcinogenic nature. Therefore, alternative, so-called chromium-free conversion 
coatings are being developed that are more environmentally-compliant. 
The purpose of the present work has therefore been to contribute to a better 
understanding of how the aluminium substrate affects the formation and properties of 
conversion coatings for adhesive bonding. In particular, a chrome-free zirconium-based 
conversion treatment process has been investigated as a possible replacement for 
conventional chromate conversion treatment. The influence of the conversion time on 
the thickness of the formed layer on pure aluminium was investigated using 
complementary surface analytical techniques. The conversion time was varied between 
30 and 600 seconds. 
In this study, the structure and composition of zirconium-based chromium-free 
conversion coatings on magnetron sputtered superpure aluminium and a range of 
aluminium-copper alloys were characterised as a function of immersion time in the 
aqueous conversion bath to understand the mechanism of coating formation and 
protection. However, the presence of copper significantly influences the coating 
development and ultimately the performance of the conversion coatings formed on 
binary copper-containing aluminium alloys. 
The morphology and composition of the coatings have been probed using transmission 
electron microscopy, Rutherford backscattering spectroscopy and glow discharge 
optical emission spectroscopy, with loss of substrate through growth of the conversion 
coating also quantified. A comparison of the RBS spectra obtained for the superpure 
aluminium specimens after different immersion times revealed that zirconium (Zr) and 
oxygen (O) peaks were wider for longer immersion times, indicating thickening of the 
coating with increased immersion times. Thus, increasing the immersion time resulted 
in an increase in coating thickness but little change in coating composition occurred as 
determined by the RBS RUMP simulations. Alloying decreases the coating thickness, as 
well as metal consumption.  
Here, aspects of the corrosion behaviour of superpure aluminium and aluminium-copper 
alloys were also considered using electronoptical, electrochemical and surface analytical 
probing. The influence that short and prolonged treatment times exert on the 
performances of such conversion coating is discussed. The conversion coating formed 
after 60 s and 180 s of immersion in the zirconium-based conversion coating bath 
provide good corrosion resistance which can be attributed to the high stability of the 
compounds that constitute the surface oxide layer, and good adhesion properties.  
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CHAPTER 1 
1 INTRODUCTION 
Aluminium and its alloys are considered to be the most versatile engineering materials 
across a broad range of applications [1-15]. Aluminium is a key component in so many 
aspects of our life. Its unique combination of properties makes it ideal for an almost 
endless range of applications and an essential part of modern living. Although pure 
aluminium is too soft to be used as a heavy duty material for large structures, it 
possesses excellent corrosion resistance that is attributed to the formation of a highly 
protective barrier oxide film on the bare metal surface almost immediately in a wide 
variety of environments.  
High strength aluminium alloys can be produced by addition of appropriate alloying 
elements, such as copper, magnesium and zinc and by suitable heat treatment 
procedures. Due to their lightness, strength, stiffness as well as corrosion resistance, 
electrical conductivity, high ductility and non-toxic properties, interest in the 
application of these alloys for specific engineering purposes is growing rapidly in a 
wide range of industries. The combination of lightness, strength and workability makes 
aluminium the ideal material for mass-produced commercial aircraft. Alloys used 
typically for aerospace applications include the damage tolerant AA2xxx-series and the 
high strength AA7xxx-series [16]. Strong aluminium alloys take the extraordinary 
pressures and stresses involved in high altitude flying; wafer-thin aluminium panels 
keep the cold out and the air in [17]. Many internal fittings, like the seating on planes, 
are made from aluminium to save weight and therefore fuel consumption, reduce 
emissions and increase the aircraft's payload [6, 18]. As environmental issues such as 
global warming have been spotlighted in recent years, aluminium alloys have begun to 
be used in automobile body panels to reduce overall body weight, thereby improving 
fuel economy and running performance [19]. It has been calculated that during the life 
of a single vehicle, there will be a saving of 6 to 12 times the energy it took to produce 
the primary aluminium metal used to construct the car [20]. Every tonne of aluminium 
that is used in place of a tonne of heavier materials will save 20 tonnes of carbon 
dioxide over the lifetime of the vehicle [20]. 
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Copper is one of the principal alloying elements of aluminium alloys [21]. The Al-Cu 
alloys offer an excellent ratio of weight to mechanical properties and, for this reason, 
they are commonly employed in the aeronautical industry for numerous structural 
components [22]. However, copper reduces the corrosion resistance of aluminium [21-
24] more than any of the common alloying elements. This alloying element, added to 
improve the mechanical properties of commercial copper-containing aluminium alloys, 
can be precipitated as second-phase particles or inclusion. Second phase particles or 
inclusions are usually noble with respect to the aluminium matrix, thereby facilitating 
corrosion, or enrich the corrosion product thereby possibly inhibiting the corrosion rate 
[8, 25-27]. 
Studies of the corrosion and stability of high strength age-hardened aluminium alloys, 
such as AA2xxx and AA7xxx series alloys, are of considerable interest because of their 
wide usage as structural materials in aeronautical industry. Many of these alloys have 
increased corrosion susceptibilities compared with pure aluminium [2, 28]. AA2xxx 
series of aluminium alloys are among the most corrosion prone commercial alloys in 
common use [25]. The inhomogeneous distribution of copper in the alloy microstructure 
has been shown to be a major cause for the low resistance to pitting and stress corrosion 
cracking [25]. Specifically, the concentration of copper in second-phase particles and 
the local depletion of copper in certain microstructural regions establish local galvanic 
cells resulting in localised attack [29, 30], especially in media that contain chlorides, 
due principally to the heterogeneous microstructure of the alloy [22]. It is well known 
that Cu-containing species, such as intermetallics on aluminium substrates can promote 
pitting at adjacent sites [31]. Bohni and Uhlig [32], observed that the presence of just a 
few ppm of Cu2+ ions can raise the corrosion potential of Al in 0.1 M NaCl to the pitting 
potential (Ep). Hence, with aluminium alloys, second phase materials are important in 
corrosion and protection processes, since the surface composition is altered locally, 
thus, differing electrochemical responses are expected across the surface [33-38]. 
Furthermore, the effect of alloy content [32, 39], electrolyte [40] and heat treatment [41] 
on pitting and repassivation of aluminium alloys in halide media have been reported. 
Alloying elements, impurities and age-hardening treatments can result in the formation 
of intermetallic precipitates in the alloy, which when exposed to a corrosive 
environment lead to highly localised attack, such as pitting, stress corrosion cracking 
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and corrosion fatigue. Aggressive anions, such as the halides, induce breakdown of the 
protective passive film [42, 43] and can result in catastrophic failure of the material. 
Several studies [29, 39, 40, 44] have been devoted to investigating the role of chloride 
ions in the breakdown of the passive film, repassivation and initiation of localised 
corrosion of aluminium and high-strength aluminium alloys. It has been suggested that 
pits can be initiated in aluminium even in the complete absence of Cl- when copper ions 
are available [13, 45].  
Since the AA2xxx series of aluminium alloys has the highest copper content as a group, 
AA2024 aluminium alloy, which is one of the most widely used high strength 
aluminium-based alloys in aircraft, provides a ready source for copper-containing 
inclusions in the protective oxide surface film[1]. Therefore, the present extensive use 
of this alloy and similar aluminium alloys with relatively high copper content has 
serious consequences for the integrity of aircraft structural materials, when the 
operational service life of aircraft is extended far beyond its design life [1]. 
For many years, the treatment of aluminium and its alloys for corrosion protection has 
involved processes where chromate species have played a key role in achieving the 
desired corrosion protection [46]. Conversion coatings formed on aluminium and its 
alloys, by treating in chromate-fluoride baths, have found extensive industrial 
applications as a result of their ability to provide improved corrosion resistance, in part 
through their suitability for the adhesive application of paints and other organic layer 
[14]. The high corrosion resistance offered by chromate films is attributed to the 
presence of both hexavalent and trivalent chromium species in the conversion coating. 
The use and disposal of chromium and chromium compounds have received much 
regulatory attention because of the toxicity and carcinogenicity of chromium. As a 
result of this, the uses of hexavalent chromium compounds have recently been 
overshadowed by the environmental problems associated with it, and hence, a 
substantial effort have been on developing new, effective and environmentally-friendly 
protective coating [24]. 
Although extensive research work has been directed towards the identification of a 
viable substitute for chromate, successes have been limited. Many of the 
environmentally-friendly conversion treatments alternatives proposed have problems 
matching the many advantages of chromate conversion coatings in providing excellent 
30 
 
corrosion protection and adhesion. Such environmentally-friendly conversion coatings 
should be able to inhibit corrosion by maintaining the polarisation resistance of the 
oxide layer and thus preventing chloride ion penetration of the protective oxides.  
Unlike conversion coatings based on rare earth metals (REM), existing reports on 
experimental work published in the literature on zirconium-based conversion coating is 
very limited, with many uncertainties regarding the effect different concentration levels 
of copper in the alloy have on the thickness of the coating formed on the alloy 
substrates. In this study, an environment-friendly, zirconium-based conversion coating 
is proposed for the protection of aluminium and Al-Cu alloys. The present work was 
undertaken to obtain a more complete and consistent information on the composition 
and formation of zirconium-based conversion coatings on superpure aluminium and Al-
Cu alloys of a range of compositions, and the influence of the alloy microstructure on 
their corrosion behaviour. It is shown in this work that ZrO2 plays a significant role in 
the corrosion protection process. Potential-time data were combined with data from 
polarisation tests to investigate the extent to which different immersion times and 
copper concentrations in the alloy substrates affect the corrosion resistance provided by 
the coating layer formed. Structure and chemistry of zirconium-based conversion layers 
were characterised as a function of immersion time in the aqueous conversion bath to 
understand the mechanism of film formation. Characterisation was performed by glow 
discharge optical emission spectroscopy, atomic force microscopy, Rutherford 
backscattered spectroscopy, scanning electron microscopy and transmission electron 
microscopy. The effect of immersion time and copper concentration on corrosion 
resistance were monitored by electrochemical and scanning electron microscopy. The 
corrosion behaviour of conversion coated substrates was evaluated by means of an 
anodic and cathodic polarisation tests in 3.5wt.% NaCl, and compared with that of 
untreated aluminium.   
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CHAPTER 2 
2 LITERATURE SURVEY 
2.1 Introduction 
Aluminium supports an air-formed oxide film which provides a barrier between the 
aluminium surface and the prevailing environment, thus protecting the metal from 
further oxidation. This self-protecting characteristic gives aluminium its high intrinsic 
corrosion resistance. However, the barrier is far from perfect; the films on the 
aluminium surface contains myriads of flaws or defects which may be activated in 
corrosive environments, and allow environmental access to the metal surface. An 
important point is that such flaws provide easy paths for electronic conduction in the 
otherwise insulating oxide covering the aluminium substrate [47]. When aluminium is 
exposed to an environment conducive to pitting attack, all the flaws in the surface oxide 
film can be considered as potential pit sites. Hence, defects in oxide films, which results 
from a local breakdown of the oxide film, contribute to localised corrosion of 
aluminium substrates. Consequently, the corrosion and filming behaviour of aluminium 
and its alloys have received detailed fundamental and practical scrutiny [48].  
Additionally, the air-formed film is chemically reactive in aqueous solutions over a 
wide range of pH, thus enabling oxide thinning to proceed in solutions of relatively low 
and high pH values and significant hydration at intermediate pH values. The ability to 
control this reaction is used in treatments such as conversion coating of aluminium [47]. 
A conversion coating is often applied on aluminium and its alloys in order to improve 
their resistance to corrosion and to improve adhesion of subsequently applied organic 
finishes. 
The primary objective of this survey is therefore to review systematically the following 
aspects:  the mechanical, physical and chemical properties of aluminium and its alloys; 
the corrosion behaviour of aluminium and its alloys in different environments, 
especially in the presence of halide ions; the effect of alloying additions on the 
corrosion behaviour of aluminium and its alloys; corrosion protection of aluminium and 
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aluminium alloys by chemical conversion coatings; and a study of the composition and 
structure of zirconium-based conversion coatings as a viable alternative to chromate-
containing conversion coatings. 
2.1.1 Background 
Aluminium is the third most abundant element comprising about 8% by mass of the 
Earth’s crust and is therefore, the most abundant structural metal. In nature, however, it 
only exists in very stable combinations with other materials (particularly as silicates and 
oxides) and it was not until 1808 that its existence was first established by Sir 
Humphrey Davy, who originally called it aluminum. It took many years of painstaking 
research to "unlock" the metal from its ore and even more years to produce a viable, 
commercial production process. In 1821 Bertheir discovered, outside a small village in 
the south of France, a clay-like material that contained 40-60% alumina, either as the 
trihydrate gibbsite (Al(OH)3) or as the monohydrates boehmite (γ-AlO(OH)) and 
diaspore (α-AlO(OH)). He gave this ore the name bauxite. The term bauxite refers to an 
ore or to a mixture of minerals rich in hydrated oxides, formed of aluminous rocks. Four 
years later in 1825, the Danish scientist Oersted produced the first samples of pure 
aluminium by reducing (through a painstaking process of heating) anhydrous 
aluminium chloride with potassium amalgam [49]. Between the years of 1827 and 1845, 
Wöhler improved this process by substituting potassium for the amalgam and finding a 
better method for the dehydration step of the final aluminium product. Wöhler was also 
able to establish the specific gravity or density of aluminium, demonstrating the metal’s 
lightweight and malleability properties [50].  
It was not until 1854 that the first process was developed which could produce 
commercial quantities of aluminium. Henri Sainte-Claire Deville (France) improved on 
the Wöhler method by substituting the expensive potassium with the much more 
affordable sodium by using sodium aluminium chloride instead of just aluminium 
chloride. In 1885, the Cowle brothers  produced the first aluminium alloys containing 
iron and copper, soon after which, the invention of the dynamo made a cheaper supply 
of electricity available [51]. 
Following the development of large-scale equipments for generating electrical power in 
1886 [50], two scientists, Hall and Héroult, working independently, developed and  
33 
 
patented a new process for direct electrolytic decomposition of  aluminium oxide 
(Al2O3) [52] that would become the only method used today. The Hall-Héroult process 
was enhanced with the evolution of the Bayer process [53] which produces aluminium 
oxide from bauxite, which is used in the Hall-Héroult process. When the Hall-Héroult 
process was developed, the aluminium industry was born and this process of extracting 
aluminium from its ore has been able to withstand many years and attempts to rewrite or 
add to it and remains the fundamental basis of all commercial aluminium production 
today. 
2.1.2 Aluminium and its properties 
The properties of aluminium alloys depend on a complex interaction of chemical 
composition and microstructural features developed during solidification, thermal 
treatment and, for wrought alloys, deformation processing [54]. Aluminium has a 
unique and unbeatable combination of properties that make it a versatile, highly usable 
and attractive construction material. The properties of aluminium depend, to a large 
extent, on the purity of the metal. This may vary from ordinary aluminium of 
commercial purity to super-purity aluminium. The three main properties on which the 
application of aluminium is based are its low density of approximately 2.7 g/cm3, the 
high mechanical strength achieved by suitable alloying and heat treatments, and the 
relatively high corrosion resistance of the pure metal [51]. However, there are several 
other properties that make aluminium one of the most heavily used metals. These 
properties can be divided into two broad categories, namely physical properties and 
chemical properties. Further valuable features can be obtained by various treatments of 
the metal; these are discussed further when the applications of aluminium and its alloys 
are considered. 
2.1.2.1 Aluminium and aluminium alloys: physical, mechanical and chemical properties 
Aluminium (Al) is a silvery-white metal of atomic number 13 and atomic weight of 
26.9815 g/mol. It has the face-centred cubic crystal structure (Figure 2.1) over the 
whole temperature range up to the melting point. This type of crystal structure is the 
most packed cubic lattice. The closest distance between two atoms in the aluminium 
structure is 2.863Å at room temperature [54], and aluminium has a stacking-fault 
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energy of 200 mJ/m2. It is a light metal which can be given tremendous strength by 
alloying. Aluminium conducts heat and electricity, reflects light and radiant energy and 
resists corrosion. It is also non-magnetic, non-toxic, and can be formed by all known 
metal working processes. Alloying, cold working and heat-treating can be used to tailor 
the properties of aluminium. The tensile strength of pure aluminium is around 90 MPa 
but this can be increased to over 700 MPa for some heat-treatable alloys. Extrusions of 
the right alloy and design are as strong as structural steel. Currently, alloys of the 7000 
series can be aged to attain strength levels of the order of 0.7 to 0.8 GPa [55]. However, 
at this strength level, their application is limited by factors such as fracture toughness 
and strain localisation of environmentally-sensitive cracking [55]. 
The Young’s modulus for aluminium (E = 70,000 MPa) is one-third that of steel. This 
means that the moment of inertia has to be three times as great for an aluminium 
extrusion to achieve the same deflection as a steel profile. Hence, aluminium behaves 
elastically under static and dynamic loading conditions, with the ability to resume its 
shape and size. The thermal and electrical conductivities are very good compared to that 
of copper. Naturally easy to manipulate, aluminium offers optimal design flexibility to 
engineers and architects. It can be fabricated into a wide variety of forms, including foil, 
sheets, geometric shapes, rods and wires, and is a popular choice for complex hollow 
extrusions. High machinability and plasticity also make it ideal for cutting, drilling, 
punching, hammering and bending. 
Aluminium extruding is a versatile metal-forming process that enables designers, 
engineers, and manufacturers to take full advantage of a wide array of physical 
characteristics. Good malleability, which is a necessity for aluminium extruding, allows 
bending and other forming operations in both hot and cold conditions. Complex shapes 
can be realised in one-piece extruded aluminium sections without having to effect 
mechanical joining methods. The resultant profile typically is stronger than a 
comparable assemblage and is less likely to leak or slacken over time. Aluminium, 
when used in sheet, coil or extruded form, has a number of advantages over other metals 
and materials. Although other materials may offer some of the beneficial characteristics 
of aluminium, they cannot provide the full range of benefits that aluminium offers. A 
summary of some important physical properties are shown in Table 2.1; however, these 
properties are affected by the purity of aluminium.  
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Table 2.2 lists the designations, characteristics and forms of some widely used alloys. 
The 1000, 3000 and 5000 series alloys have their properties adjusted by cold work, 
usually by cold rolling. The properties of these alloys depend upon the degree of cold 
work and whether any annealing or stabilising thermal treatment follows the cold work. 
A standardised nomenclature is used to describe these conditions.  
 
Table 2.1 Typical properties of aluminium  
Property Value 
Atomic Number 13 
Atomic Weight (g/mol) 26.9815 
Valency 3 
Crystal Lattice Face centred cubic 
Melting Point (°C) 660.2 
Boiling Point (°C) 2480 
Mean Specific Heat (0-100°C) (cal/g.°C) 0.219 
Thermal Conductivity (0-100°C) (cal/cms. °C) 0.57 
Co-Efficient of Linear Expansion (0-100°C) (x10-6/°C) 23.5 
Electrical Resistivity at 20°C (µΩcm) 2.69 
Density (g/cm3) 2.6898 
Modulus of Elasticity (GPa) 70 
Poissons Ratio 0.34 
 
With the flexibility of compositions, degree of cold work and variation of annealing and 
temperature, a wide range of mechanical properties can be achieved especially in sheet 
products (see Table 2.3 (a) and 2.3 (b)). The AA2xxx, AA4xxx, AA6xxx, AA7xxx and 
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AA8xxx series alloys respond in this way. The wide choice of alloy compositions, 
solution heat treatment temperatures and times, quench rates from temperature, choice 
of artificial ageing treatment and degree to which the final product has been deformed, 
permit a wide range of properties to be achieved.  
 
Table 2.2 Some common aluminium alloys and their characteristics [56] 
Alloy Characteristics Form 
AA1050/1200 Good formability, weldability and corrosion resistance S,P 
AA2014 Heat treatable, high strength, non-weldable and Poor corrosion 
resistance. 
E,P 
AA3103/3003 Non-heat treatable, medium strength work hardening alloy, good 
weldability, formability and corrosion resistance. 
S,P,E 
AA5251/5052 Non-heat treatable. Medium strength work hardening alloy. 
Good weldability, formability and corrosion resistance. 
S,P 
AA5454* Non-heat treatable. Good weldability and corrosion resistance. S,P 
AA5083*/5182 Non-heat treatable. Good weldability and corrosion resistance. 
Very resistant to sea water, industrial atmospheres. A superior 
alloy for cryogenic use (in annealed condition) 
S,P.E 
AA6063* Heat treatable. Medium strength alloy. Good weldability and 
corrosion resistance. Used for intricate profiles. 
E 
AA6061*/6082* Heat treatable. Medium strength alloy. Good weldability and 
corrosion resistance. 
S,P,E 
AA6005 Heat treatable. Properties very similar to 6082. Preferable as air 
quenchable, therefore has less distortion problems. Not notch 
sensitive. 
E 
AA7020 Heat treatable. Age hardens naturally therefore will recover 
properties in heat affected zone after welding. Susceptible to 
stress corrosion. Good ballistic deterrent properties. 
P.E 
AA7075 Heat treatable. Very high strength. Non-weldable. Poor 
corrosion resistance. 
E,P 
* signifies the most commonly used alloys; S, P and E represent sheet, plate and 
extrusions respectively. 
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Table 2.3 (a) Mechanical properties of selected aluminium alloys [55, 56].  
Alloy Temper Proof Stress 
0.2% (MPa) 
Tensile 
Strength 
(MPa) 
Shear 
Strength 
(MPa) 
Elongation 
A5 (%) 
Hardness 
Vickers 
(HV) 
AA1050A H12 
H14 
H16 
H18 
0 
85 
105 
120 
140 
35 
100 
115 
130 
150 
80 
60 
70 
80 
85 
50 
12 
10 
7 
6 
42 
30 
36 
- 
44 
20 
AA2011 T3 
T6 
290 
300 
365 
395 
220 
235 
15 
12 
100 
115 
AA3103 H14 
0 
140 
45 
155 
105 
90 
70 
9 
29 
46 
29 
AA4015 0 
H12 
H14 
H16 
H18 
45 
110 
135 
155 
180 
110-150 
135-175 
160-200 
185-225 
210-250 
- 
- 
- 
- 
- 
20 
4 
3 
2 
2 
30-40 
45-55 
- 
- 
- 
AA5083 H32 
0/H111 
240 
145 
330 
300 
185 
175 
17 
23 
95 
75 
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Table 2.3 (b) Mechanical properties of selected aluminium alloys [55, 56] 
Alloy Temper Proof Stress 
0.2% (MPa) 
Tensile 
Strength 
(MPa) 
Shear 
Strength 
(MPa) 
Elongation 
A5 (%) 
Hardness 
Vickers 
(HV) 
AA5251 H22 
H24 
H26 
0 
165 
190 
215 
80 
210 
230 
255 
180 
125 
135 
145 
115 
14 
13 
9 
26 
65 
70 
75 
46 
AA5754 H22 
H24 
H26 
0 
185 
215 
245 
100 
245 
270 
290 
215 
150 
160 
170 
140 
15 
14 
10 
25 
75 
80 
85 
55 
AA6063 0 
T4 
T6 
50 
90 
210 
100 
160 
245 
70 
11 
150 
27 
21 
14 
85 
50 
80 
AA6082 0 
T4 
T6 
60 
170 
310 
130 
260 
340 
85 
170 
210 
27 
19 
11 
35 
75 
100 
AA6262 T6 
T9 
240 
330 
290 
360 
- 
- 
8 
3 
- 
- 
AA7075 0 
T6 
105-145 
435-505 
225-275 
510-570 
150 
350 
9 
5 
65 
160 
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Regarding its chemical properties, aluminium falls into Group Three of the Periodic 
Table, with 13 protons and 14 neutrons, giving it a mass of 27. Aluminium has the 
electronic orbital configuration 1s22s22p63s23p1. The three electrons in the outer orbit 
give the aluminium atom a valence of +3. Therefore, aluminium usually exists as Al3+ 
species in compounds. The formation of trivalent involves large amount of energy and it 
usually forms covalent bonds through sp2 hybridization. The large positive charge, 
however, can be stabilised by water molecules arranged in octahedral co-ordination, 
[Al(H2O)6]3+. The water of hydration exists both in aqueous solutions and some of the 
aluminium salts, such as alums. 
Aluminium is a reactive metal that will easily form an oxide/hydroxide film when it is 
exposed to water at room temperature [57]. At neutral pH, the film formed is insoluble 
and grows to a sufficient thickness that limits reactivity of the aluminium substrate. 
However, the stability (solubility) of the film formed is dependent on the pH of the 
solution. Aluminium, at near-neutral pH conditions, is expected to form a passivating 
barrier film, which limits corrosion, however, the corrosion rate increases as the pH 
changes away from the near-neutral condition. The growth of the passivating film is 
driven by electrochemical reactions. The reason behind the increase in corrosion is that 
the formation of hydroxide [57]:  
Al + 3H2O → Al(OH)3 +3H+ + 3e-       (2.1) 
at neutral pH, when a crack in the passive film is produced, is replaced by metal 
dissolution according to the reaction: 
Al → Al3+ + 3e-         (2.2) 
at low pH or the formation and dissolution of the film 
Al + 3OH- → Al(OH)3 + 3e-        (2.3a) 
Al(OH)3 + OH- → Al(OH)4-        (2.3b) 
Despite being high in the reactivity series, aluminium is resistant to corrosion because 
of the thin layer of aluminium oxide (Al2O3), which forms on its surface in air. The 
oxide layer protects the underlying metal and renders it inert to any further reaction. 
However, aluminium is not resistant to corrosion in many mineral acids, except for 
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acids with strong oxidising properties [54]. The action of such acids depends on their 
concentrations. Aluminium is slowly attacked by most dilute acids and rapidly dissolves 
in concentrated hydrochloric acid, producing hydrogen:  
2Al(s) + 6HCl(aq) → AlCl3(aq) + 3H2(g)      (2.4) 
While aluminium readily dissolves in dilute nitric, it is rendered passive in concentrated 
nitric acid due to the formation of aluminium oxide layer which protects the metal from 
further oxidation. Typical passivation concentrations range from 18% to 22% by 
weight. 
Al + HNO3 → Passivation         (2.5) 
In dilute sulphuric acid (from 1% up to 20%), all grades of aluminium, including high 
purity aluminium, have low resistance to corrosion even at room temperature [54]. 
Aluminium liberates hydrogen on reaction with dilute sulphuric acid. Suphur dioxide is 
liberated on reaction with concentrated sulphuric acid: 
2Al + 3H2SO4 [dil] → Al2(SO4)3 + 3H2      (2.6) 
2Al + 6H2SO4 [conc] → Al2(SO4)3 + 6H2O + 3SO2     (2.7) 
The alkalis are usually reactive to aluminium. Aluminium dissolves in strong alkali 
solutions to give colourless aluminates. Even high purity aluminium is vigorously 
attacked by alkalis such as sodium and potassium hydroxide to yield hydrogen and the 
aluminate ion. 
2Al(s) + 2NaOH(aq) + 6H2O → 2Na[Al(OH)4](aq) + 3H2(g)   (2.8) 
2Al + 2KOH + 2H2O → 2KAlO2 + 3H2      (2.9) 
Addition of a small amount of alkali to an aluminium salt solution precipitates 
aluminium hydroxide. On addition of further alkali, the hydroxide dissolves to form the 
aluminate ion. 
Aluminium is also an expensive reducing agent. It is used for reduction of oxides of 
highly reactive metals. However, these metals need to be below aluminium in the 
reactivity series.  
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Cr2O3 + 2Al Heat Al2O3 + 2Cr       (2.10) 
Fe2O3 + 2Al Heat Al2O3 + 2Fe       (2.11) 
Aluminium has a very high resistance to concentrated hydrogen peroxide. It is 
characterised by good resistance to many organic compounds including acetaldehyde, 
formaldehyde and tetrachloride glycerine and also has good resistance to petroleum 
products. 
2.1.2.2 Alumina: physical and chemical properties 
Alumina or aluminium oxide (Al2O3) possesses strong ionic interatomic bonding, giving 
rise to its desirable material characteristics. Chemical and thermal stability, relatively 
good strength, thermal and electrical insulation characteristics combined with 
availability in abundance have made aluminium oxide attractive for engineering 
applications [58-60]. It occurs in two crystalline forms, alpha (α) and gamma (γ) 
alumina.  Alpha alumina is composed of colourless   hexagonal crystal structure, with a 
rhombohedral (corundum) structure consisting of 10 atoms (Figure 2.2).  Four of these 
atoms are aluminium; six are oxygen. Gamma alumina (γ-Al2O3) is composed of minute 
colourless cubic crystals with specific gravity of about 3.6 that are transformed to α-
Al2O3 form at high temperatures (above 4500C). Alumina is an insulator, relatively inert 
chemically [61], and has a high melting point. It is insoluble in water and organic 
liquids and very slightly soluble in strong acids and alkalis. High purity alumina resists 
attack by all gases except wet fluorine and it is resistant to all common reagents except 
hydrofluoric acid and phosphoric acid. Elevated temperature attack occurs in the 
presence of alkali metal vapours, particularly at lower purity levels.  
In the corundum structure, the aluminium atom is octahedrally coordinated with oxygen 
atoms. According to Feret et al [62] the corundum structure can be visualised as layers 
of hexagonal close-packed oxygen atoms with small aluminium atoms in two-thirds of 
the octahedrally coordinated holes between the oxygen atoms. The atomic positions 
consist of 12 aluminium atoms and 18 oxygen atoms. The unit cell dimensions are: 
a=b=4.7588 Å and c=12.992 Å. 
When a freshly abraded aluminium surface is exposed to the atmosphere, it is 
immediately covered with a thin film of aluminium oxide (1-3 nm thick), which quickly 
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re-forms when damaged, thus protecting the metal from further environmental attack. 
An important feature of the alumina film formed on aluminium is that its molecular 
volume is stoichiometrically 1.5 times that of the metal consumed in oxidation [51]. 
This shows that the oxide film is under compressive stress, and will cover the 
aluminium surface continuously as well as cope with a certain amount of substrate 
deformation without rupturing [51]. Today, many protective coatings for aluminium and 
its alloys are based on this protective surface layer. 
Films produced by reaction of aluminium oxide with water are of importance in 
corrosion [63]. Aluminium oxide reacts readily with water to form hydroxide. 
According to Hart [64], at temperatures below 600C, film growth proceeds in three 
stages: (1) “amorphous”, Al(OH)3, (2) boehmite, γ-AlO(OH), (3) bayerite, β-
Al2O3.3H2O, the final film thus consisting of three layers.  Vedder and Alwitt [65, 66] 
suggested that the important steps involved in the aluminium-water reaction are: (1) 
formation of an amorphous oxide, (2) dissolution of this oxide, and (3) precipitation of 
aluminium hydroxide. 
In step (1), the amorphous oxide is continuously replenished by an electrochemical 
process in which barrier film growth is the anodic half-cell reaction, coupled with the 
cathodic reduction of water [66]. In step (2), the exact nature of the oxide dissolution 
process is not known, but it involves the hydrolysis of surface Al-O bonds. The 
particular hydrolysed aluminium species found in solution depends on temperature, pH, 
and aluminium concentration [66]. In dilute solutions at 250C, the major aluminium 
monomer species varies with pH in the following manner: Al+3 for pH<3, Al(OH)+2; for 
pH 4-5, Al(OH)2+; for pH 5-6; and Al(OH)4- for pH>6.5. The hydrolysed species may 
be produced by the following surface reactions [66]: 
Al2O3 + 3H2O → 2Al(OH)+2 + 4OH-       (2.12) 
Al2O3 + 3H2O → 2Al(OH)2+ + 2OH-       (2.13) 
Al2O3 + 5H2O → 2Al(OH)4- + 2H+       (2.14) 
The formation of aluminium anions, Al(OH)4-, at reduced pH, is favoured by increasing 
temperature. For example, at 250C, gibbsite (Al2O3.3H2O) is in equilibrium with 10-4 M 
Al(OH)4- at about pH 10 but, at 1000C, this equilibrium is achieved at about pH 7 [67]. 
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Thus, with increasing temperature and pH, the most likely surface hydrolysis shifts 
from reaction (1) through (2) to (3). 
At higher aluminium concentrations and elevated temperatures, hydrolysed aluminium 
readily forms polynuclear complexes which appear to be transitory species that 
eventually coalesce to form a solid phase. Complex cations as large as [Al14(OH)34]+8 
have  been identified Mesmer and Baes [68], and it has been suggested that this species 
is the precursor of boehmite precipitation under hydrothermal conditions [69]. 
However, it has not been demonstrated that such complexes are involved in step (3) – 
precipitation, leading to film growth but, according to Alwitt [66], this is certainly a 
possibility. 
2.1.3 Importance of aluminium 
The role aluminium plays in everyday life is such that it is difficult to realise that the 
metal was still a comparative rarity in the early 1900’s. Almost 19 million tonnes of 
primary aluminium are presently used in the western World alone. Through the 
development of a wide range of alloys, very varied strength and ductility can be 
achieved and this has led to the many current applications today [51]. These range from 
the use of very thin foil material in the packaging industry, ductile materials for drink 
containers, and highly conductive alloys for electrical purposes, to relatively low-
strength alloys for the building industry and high strength materials for aircraft and 
armoured vehicles [51]. Aluminium is 100 percent recyclable, with minimal 
downgrading of its qualities [52, 70]. In addition to primary production, more than 7 
million tonnes of aluminium are produced from recyclable scrap. The re-melting of 
aluminium requires only about 5 percent of the energy required to initially produce the 
primary metal [70]. Hence, the proportion of aluminium produced from scrap 
(secondary aluminium) is rising rapidly. In addition to its high scrap-value, other 
properties contributing to the widespread application of aluminium and its alloys are the 
non-toxic and colourless nature of its corrosion product which makes aluminium a very 
versatile material. 
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2.1.4 Structure, morphology and grain size  
The structural morphologies play an important role in the corrosion behaviour of 
aluminium alloys. Several different structural morphologies may develop due to a wide 
range of operational conditions and various growth forms during solidification [71] of 
aluminium castings. It is well-known that the structural integrity of shaped castings is 
closely related to their thermal behaviour during solidification [71-73]. Osorio et al [71] 
observed that structural morphologies depend on the operational conditions imposed by 
the metal/mould system.  The grain structure of a casting may take many forms during 
solidification and is usually characterised by both the macrostructure and the 
microstructure [71]. While the microstructure can be classified into cell/dendrite and 
eutectic morphologies, the macrostructure generally consists of three distinct zones. 
These are the chill, columnar, and equiaxed zones respectively. The origin of each one 
has been the subject of intense experimental and theoretical investigation because of the 
well known correlation between grain structures and mechanical properties of 
aluminium alloys [74, 75]. According to Osorio et al [71], coarse equiaxed grains tend 
to improve the corrosion resistance compared with fine equiaxed grains. The observed 
decrease in corrosion resistance was found to be in the order of coarse equiaxed > 
coarse columnar > fine equiaxed > fine columnar structures. This can be attributed to 
the grain boundaries energy level due to plastic deformation and defects.   
For aluminium alloys, the influence of grain size is connected to the role (in terms of 
corrosion performance) of the solute(s), which segregate to the grain boundaries. The 
grain size affects many properties of the aluminium alloys [76]. In particular, as the 
grain size increases, the strength characteristics decrease [77] while the corrosion 
resistance improves. There is a well-known relationship called the Hall-Petch equation 
[78, 79], that shows the yield strength is proportional to the reciprocal of the square root 
of the grain diameter. For cast alloys, however, it is not always true that the alloy 
strength improves with decreasing grain size. A number of studies [72, 80, 81] have 
focused on the effect of microstructure and particularly dendrite spacing on mechanical 
properties. These studies have shown that in order to control the properties of cast 
alloys, it is necessary to understand the mechanism and characterisation of primary and 
secondary dendrite spacings during the solidification of alloys. 
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2.1.5 Aluminium alloy designations 
Aluminium alloys are usually classified with respect to the fabrication process (cast 
alloys and wrought (mechanically worked) alloys) [82]. These two classes can be 
further subdivided into families of alloys based on chemical composition and finally on 
temper designation [83]. Temper designations are used to identify the condition of the 
alloy, that is the amount of cold work the alloy has undergone or its heat treatment 
condition. The latter is subdivided into heat-treatable and non-heat treatable alloys and 
into various forms produced by mechanical working [84]. The age hardened alloys are 
usually more corrosion resistant and more amenable to corrosion protection than the 
hardened alloys [85].  
For wrought alloys, a four-digit system is used to produce a list of wrought composition 
families. In this four digit system, the first digit identifies the major alloying element(s) 
while the remaining three digits are used as serial numbers to identify particular alloy 
types as shown in the following: 
AA1xxx series alloys: Controlled, unalloyed 99% pure aluminium or higher. This series 
is characterised by excellent resistance to corrosion and high thermal and electrical 
conductivity but poor mechanical properties. The last two of the four digits indicate the 
minimum percentage of aluminium. For example, AA1070 indicates aluminium purity 
of 99.70%. The second digit indicates modifications in impurity limits or alloying 
elements. When the second digit is zero, this indicates unalloyed aluminium having 
natural impurity limits. Integers 1-9 indicate special control of one or more individual 
impurities or alloying elements. 
AA2xxx series alloys: Alloys in which copper is the principal alloying element, although 
other elements, notably magnesium, may be specified [52, 84]. This series has high-
strength and is heat-treatable, but has low corrosion resistance, and is subject to 
intergranular attack and is difficult to inhibit [85].  
AA3xxx series alloys: Alloys in which manganese is the principal alloying element. This 
series generally can not be heat-treated [85].  The alloys are characterised by relatively 
good corrosion resistance and moderate strength, and the alloys can be protected in 
certain media. 
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AA4xxx series alloys: Alloys in which silicon is the principal alloying element. Silicon 
added to aluminium substantially lowers the melting point without causing the resulting 
alloys to become brittle [84]. The AA4xxx series alloys are both heat-treatable and non-
heat treatable alloys.  The main difference between the heat-treatable and non-heat-
treatable AA4xxx series is that the non-heat treatable alloys contain aluminium with 
silicon as the principal alloying element with no other elements added that could allow 
heat treatability. The heat-treatable 4xxx series alloys contain silicon and also controlled 
additions of magnesium and/or copper, which provide the material with the opportunity 
to respond to, and increase its strength through, heat treatment. The AA4xxx alloy 
series has good corrosion resistance and can be inhibited [85].  
AA5xxx series alloys: Alloys in which magnesium is the principal alloying element. 
These are non-heat treatable. Magnesium has a high solubility in aluminium. When the 
magnesium content in the alloy is greater than 3.5%, the excess magnesium precipitates 
as Mg5Al8. Chromium is also a common additive, and appears as a fine dispersoid of 
Cr2Mg3Al18 [86].  These alloys are characterised by good corrosion resistance and 
moderate strength. However, under certain conditions of loading, they are subject to 
stress corrosion cracking [85].  
AA6xxx series alloys: Alloys in which magnesium and silicon are the principal alloying 
elements. They are precipitation hardened, with Mg2Si as the hardening precipitate. If 
there is a low alloy concentration of magnesium and silicon, then all the Mg2Si can be 
dissolved during solution heat treatment and used in the precipitation hardening reaction 
[86]. The alloys offer moderate strength with good ductility in the heat-treated and aged 
condition. These alloys have good corrosion resistance and may be protected 
effectively.  
AA7xxx series alloys: Alloys in which zinc is the principal alloying element, but other 
alloying elements such as copper, magnesium, chromium and zirconium may be 
specified [52, 84]. They can be divided into two subfamilies depending on the 
percentage of copper as the third alloying element. Al-Zn-Mg-Cu alloys are the highest 
strength alloys after heat treatment, but they are not corrosion resistant. Al-Zn-Mg 
alloys are corrosion resistant. They are readily heat-treated without the strict precautions 
of solution heat-treating temperature causing eutectic melting [86]. 
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AA8xxx series alloys: Alloys characterising miscellaneous compositions [52] which 
may include tin and some lithium compositions. Lithium has a considerably lower 
density than aluminium and because its solubility is also relatively high, it can be 
alloyed with aluminium in sufficient quantities to give a significant reduction in density 
(typically about 10% less than other aluminium alloys) [87]. The characteristics of this 
series depend on the major alloying element.  
The cast alloy designation system also has four digits, and the first digit specifies the 
major alloying constituent(s). The first digit indicates the alloy group while the second 
and third digits identify the specific aluminium alloy or, for the aluminium 1xx.1 series, 
it indicates purity. However, a decimal point is used between the third and fourth digits 
to make clear that these are designations used to identify alloys in the form of castings 
or ingots [88]. The fourth digit indicates the production form: xxx.0 indicates castings 
and xxx.1, for the most part, indicates ingots having limits for alloying elements the 
same as or very similar to those for the alloy in the form of casting. A fourth digit of the 
xxx.2 is used to indicate that the ingot has composition limits; this typically represents 
the use of tighter limits on certain impurities to achieve specific properties in the 
finished cast products produced from that ingot. Alloy families for casting compositions 
include the following [52]: 
1xx.x: Controlled unalloyed (pure) compositions. 
2xx.x: Alloys in which copper is the principal alloying element. Other alloying elements 
may be specified. 
3xx.x: Alloys in which silicon is the principal alloying element. The other alloying 
additions such as copper and magnesium are specified. The 3xx.x series comprises 
nearly 90% of all shaped castings produced. 
4xx.x: Alloys in which silicon is the principal alloying element. 
5xx.x: Alloys in which the principal alloying element is magnesium. 
6xx.x: Unused 
7xx.x: Alloys in which zinc is the principal alloying element. Other alloying elements 
such as copper and magnesium may be specified. 
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8xx.x: Alloys in which the principal alloying element is tin. 
2.1.6 Effects of composition and microstructure on corrosion 
AA1xxx wrought alloys: This series conforms to composition specifications that set 
maximum individual, combined, and total contents for several elements present as 
natural impurities in the smelter - grade or refined aluminium used in production of 
these products. Corrosion resistance of all the composition of AA1xxx is very high. 
However, under many conditions, the corrosion resistance of this series decreases 
slightly with increasing alloy content. Iron, silicon and copper are the elements present 
in the largest percentages. The copper and part of the silicon are in solid solution. The 
second-phase particles present contain either iron or iron and silicon – Al6Fe, Al3Fe, and 
Al12 Fe3Si2 – all of which are cathodic to the aluminium matrix [52]. 
AA2xxx wrought alloys and AA2xx.x cast alloys: These series are less resistant to 
corrosion than alloys of other series, which contain much reduced contents of copper. 
Alloys of this type were the first heat-treatable, high-strength aluminium based 
materials and they have been used widely for years in structural applications, 
particularly in aircraft and aerospace applications [10]. Electrochemical effects on 
corrosion can be stronger in these alloys than in other aluminium alloys because of two 
factors; significant change in electrode potential with variations in amount of copper in 
solid solution and, under some conditions, the presence of non uniformities in solid 
solution concentration [52]. The general resistance to corrosion decreases with 
increasing copper content. This is not primarily attributed to these solid solution or 
second phase solution potential relationships. It is attributed to galvanic cells created by 
formation of minute copper particles or films deposited on the alloy surface as a result 
of corrosion.  
AA2xxx wrought alloys containing lithium: Addition of lithium decreases the density 
and increases the elastic modulus of aluminium alloys, thus making aluminium-lithium 
alloys a good choice for replacing the existing high-strength alloys, primarily in 
aerospace applications. Although lithium is highly reactive, addition of up to 3% 
lithium to aluminium shifts the pitting potential of the solid solution only slightly in the 
anodic direction [89]. In an extensive corrosion investigation of several binary and 
ternary aluminium-lithium alloys, Niskanen et al [90] found that modification of the 
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microstructure to promote formation of the δ phase (AlLi), reduces the corrosion 
resistance of the alloy in 3.5% NaCl solution. It was concluded that an understanding of 
the δ phase is central to an understanding of the corrosion behaviour of these alloys [52, 
90]. 
AA3xxx wrought alloys: Wrought alloys of the AA3xxx series have very high resistance 
to corrosion. Manganese is present in the aluminium solid solution, in submicroscopic 
particles of precipitates and in larger particles of Al6(Mn,Fe) or Al2(Mn,Fe)3Si phases, 
both of which have solution potentials almost similar to that of the solid solution matrix 
[52]. Thus, these constituents are not significant sites for corrosion initiation. The 3xxx 
series, like pure aluminium, does not incur any of the more serious forms of localised 
corrosion, and pitting corrosion is the principal type of corrosion encountered. The 
addition of about 1.25% manganese increases strength without impairing ductility [84]. 
AA4xxx wrought alloys and AA3xx.x and AA4xx.x cast alloys: Silicon is present as 
second-phase constituent particles in aluminium wrought alloys of the AA4xxx series 
used in brazing and welding alloys, and in cast alloys of the AA3xx.x and AA4xx.x 
series. Although the effect of silicon on the corrosion resistance of these alloys is 
minimal because the silicon particles are highly polarised, the corrosion resistance of 
AA3xx.x castings alloys is strongly affected by copper content, which can be as high as 
5% in some compositions, and also by levels of impurity. Modifications of certain basic 
alloys have more restrictive limits on impurities, which benefit corrosion resistance and 
mechanical properties [52].  
AA5xxx wrought alloys and AA5xx.x cast alloys: Wrought Alloys of the AA5xxx series 
and cast alloys of the AA5xx.x series have high resistance to corrosion. This accounts in 
part for their use in a wide variety of building products and chemical processing and 
food handling equipment, as well as applications involving exposure to seawater [52]. 
When magnesium is present in amounts that either remain in solid solution or partially 
precipitate as Al8Mg5 particle, dispersed uniformly throughout the alloy matrix, the 
alloy is as resistant to corrosion as commercially pure aluminium. 
AA6xxx wrought alloys: The heat-treatable wrought alloys of the AA6xxx series have 
moderately high strength and very good resistance to corrosion. The Mg2Si phase, 
which is the basis for precipitation hardening, is unique in that it is an ionic compound 
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and, not only is it anodic to aluminium but it is also reactive in acidic solutions. Since 
these alloys are normally used in the heat-treated condition, no detrimental effects result 
from the principal alloying elements (magnesium and silicon) or from the 
supplementary elements (chromium, manganese, or zirconium) which are added to 
control grain structure. Copper additions, which enhance strength in many of these 
alloys, are limited to small amounts to minimise effects on corrosion resistance [52]. 
When the copper level is higher than 0.5%, some intergranular corrosion can occur in 
some of the tempers (T4 and T6), but this does not result in susceptibility to exfoliation 
or SCC [91]. When the magnesium and silicon contents in a balanced AA6xxx alloy are 
in proportion to form only Mg2Si, corrosion by intergranular penetration is minimal in 
most commercial environments. However, if the alloy contains silicon level beyond that 
needed to form Mg2Si, or if it contains a high level of cathodic impurities, susceptibility 
to intergranular corrosion increases [92]. 
 AA7xxx wrought alloys and AA7xx.x cast alloys: The AA7xxx wrought and AA7xx.x 
cast alloys, because of their zinc contents, are anodic to AA1xxx wrought aluminium 
and to other aluminium alloys [52]. They are among the aluminium alloys that are most 
susceptible to stress corrosion cracking (SCC). Stress corrosion cracking of aluminium 
alloys is discussed in detail in section 2.2.8. Resistance to general corrosion of the 
copper-free wrought AA7xxx alloys is good, approaching that of the wrought AA3xxx, 
AA5xxx and AA6xxx alloys. The addition of copper as one of the alloying elements in 
Al-Zn-Mg alloys greatly improves the mechanical strength of AA7xxx series alloys by 
precipitation hardening [93]. The peak-aged T6 temper provides the maximum 
mechanical strength [93]. However, copper-containing AA7xxx alloys in the T6 temper 
(AA7xxx-T6) are very susceptible to various forms of localised corrosion in chloride 
environments, such as pitting, crevice corrosion, intergranular corrosion (IGC), and 
exfoliation corrosion [93]. The copper-containing alloys of the AA7xxx series, such as 
AA7049, AA7050, AA7075, and AA7178 have lower resistance to general corrosion 
than those of the same series that do not contain copper [52]. The AA7xxx series of 
alloys are more resistant to general corrosion than AA2xxx series of alloys, but less 
resistant than wrought alloys of other groups. Copper, in both wrought and cast alloys 
of the aluminium-zinc-magnesium-copper type, reduces resistance to general corrosion; 
however, these alloy composition are beneficial from the standpoint of resistance to 
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SCC since copper additions makes it possible for these alloys to be precipitated at 
higher temperatures. 
2.1.7 Aluminium and its applications 
Aluminium and its alloys are used widely in aerospace, automotive, architectural, 
lithographic, packaging [94], electrical and electronic applications. The alloy selected 
for any particular application depends on factors such as the mechanical and physical 
properties required, the material cost and the service environment involved [51]. The 
AA2xxx series (Al-Cu alloys) is used mainly in the aircraft industry, and the AA3xxx 
series (Al-Mn alloys) is widely employed in the canning industry. Recently, the 
AA4xxx series alloys have been in a greater demand for architectural applications (e.g. 
architectural lighting) because of the appearance (colour) which can be obtained when 
anodic coatings are applied. The AA5xxx series (Al-Mg alloys) are widely used in 
marine applications [85], where low density materials, good mechanical properties and 
better resistance to corrosion are desired. They can also be used unprotected for 
structural and architectural applications. The AA6xxx series (Al-Mg-Si alloys) are 
common extrusion alloys used particularly in the building industry. Due to their high 
mechanical strength and comparatively low density, the AA7xxx series (Al-Zn-Mg) of 
aluminium alloys is very attractive for aircraft structures. In particular, copper-
containing alloys, such as AA7075, AA7050, AA7029, AA7010, or AA7349 have the 
best mechanical properties [95]. In these alloys, the mechanical strength is greatly 
improved by precipitation hardening. 
2.2 Forms of Corrosion of Aluminium Alloys 
Aluminium alloys may corrode through several different pathways [96]. Recognising 
the pathway or the forms of aluminium corrosion is an important step in determining the 
appropriate remedy for each problem [96]. When a metal is placed in an aqueous 
environment it can behave in three ways: corrode, show immunity or passivate [97]. 
The level of acidity or alkalinity of the environment significantly affects the corrosion 
behaviour of aluminium alloys.  
Corrosion resistance of aluminium alloys is related to various factors including: 
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 The metal composition  
 The type of environment in which it is used  
 Service conditions, including temperature and moisture  
 The method that may be used for joining the products  
 Intended service life of the structure and maintenance programme.  
Pourbaix diagrams can provide valuable information in the study of corrosion 
phenomena. The conditions for thermodynamic stability of protective oxide films on 
aluminium alloys are expressed by the Pourbaix diagram (Figure 2.3). This diagram 
shows the thermodynamic stability of aluminium species as a function of potential and 
pH. The pH (x-axis) varies from acidic at low pH to alkaline at high pH. The region of 
water stability is bounded by the dashed lines labelled (a) and (b) [96]. Line (a) is the 
hydrogen line below which water is no longer stable and decomposes into hydrogen 
(H2) and OH- (alkalisation); and line (b) is the oxygen line above which water is 
unstable and decomposes into oxygen (O2) and H+ (acidification). In acidic 
environments, aluminium dissolves as Al3+ ions and, in alkaline environments, 
aluminium dissolves as AlO2- ions. 
Al2O2 + H2O → 2AlO2- + 2H+       (2.15) 
In neutral solutions (pH range of about 4-8.5), the hydroxide is insoluble which makes 
the aluminium surface passive. However, the limits of this range vary somewhat with 
temperature, the specific form of oxide film present on aluminium surface, and with the 
presence of substances that can form soluble complexes or insoluble salts with 
aluminium [52]. 
The electrochemical equations governing the corrosion of aluminium alloys are 2.16 – 
2.18. The reaction for anodic dissolution is shown in equation (2.16).  However, if 
oxygen is present, the cathodic reaction involves the reduction of oxygen to hydroxyl 
anions as shown in equation (2.17). The oxygen reduction at the cathode is a fairly rapid 
reaction when it occurs on impurities such as iron or copper precipitates in the 
aluminium matrix, hence for this reason, single phase aluminium alloys usually have 
greater corrosion resistance than aluminium alloys which contains second-phase 
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intermetallic particles [96]. In the absence of oxygen, the second possible cathodic 
reaction in water is hydrogen evolution (Eq. 2.18). 
Al → Al 3+ + 3e-   (anodic reaction)     (2.16) 
O2 + 2H2O + 4e- → 4OH (cathodic reaction)     (2.17) 
2H + 2e- → H2  (cathodic reaction)     (2.18) 
In general, corrosion of a metal proceeds when five conditions are met [98]. An active 
corrosion site consists of an anode, cathodic, continuous electrical contact between the 
anode and cathode, continuous electrolyte and a cathodic reactant such as O2, H2O or H2 
[98]. 
Many years of experience with applications in building, commercial vehicles, 
shipbuilding, outdoor installations and highway equipment, using aluminium alloys 
from the AA1xxx, AA2xxx, AA5xxx and AA6xxx series, have shown their outstanding 
corrosion resistance when exposed to urban, marine and other hostile environments. 
Alloys from the AA2xxx and AA7xxx series, on the other hand, are not employed in 
certain applications such as shipbuilding or building and construction.  
2.2.1 Uniform corrosion 
Uniform corrosion, or general corrosion, is a corrosion process exhibiting uniform 
thinning that proceeds evenly over the entire surface area or a large fraction of the total 
area [84]. Uniform corrosion of aluminium is rare, except in special, highly acidic or 
alkaline environments [52]. However, if the surface oxide film is soluble in the 
environment, as in phosphoric acid or sodium hydroxide, aluminium dissolves 
uniformly at a steady rate [52]. In the case of aluminium alloys, differences in electrical 
potential can occur on the surface of a piece of aluminium alloy due to small differences 
in chemical composition, phase differences, amount of cold work, etc. These differences 
set up small corrosion cells, each with an anode and cathode. Corrosion continues until 
the metal is consumed or the corrosive film formed on the surface sets up a barrier to 
the electrolyte. The breakdown of protective coating systems on structures often leads to 
this form of corrosion [84]. General corrosion commonly occurs on metal surfaces 
having a uniform chemical composition and microstructure. Dissolution is most uniform 
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in pure aluminium and the next most uniform are dilute alloys and the non heat-
treatable alloys [91]. Heat-treatable alloys often show some surface roughness, 
especially when thick cross-sections are etched because variable dissolution rates result 
in thickness variations in solid solution concentration of the alloying elements and the 
distribution of constituent particles [52].  
2.2.2 Pitting corrosion 
Pitting may occur in most metals with protective film, but it is particularly characteristic 
of aluminium and aluminium alloys. It is a localised form of corrosion [99] by which 
cavities, i.e. “holes” are produced in the material. Pitting corrosion is caused primarily 
by variations in the grain structure between adjacent areas on the metal surfaces   that 
are   in contact   with a corrosive environment. For aluminium alloys, pitting corrosion 
has been found to initiate at the intermetallic compounds [100]. Therefore, depending on 
the composition of the alloys and the environment, the pitting corrosion might initiate 
preferentially on different intermetallic particle types, resulting in different 
electrochemical behaviour [101]. Pitting   is first   noticeable   as   a white   or grey 
powdery deposit, similar to dust, that blotches the surface.   When   the superficial 
deposit   is removed, the pits   can be seen in the surface. These pits may   appear either 
  as relatively shallow indentations   or as deeper cavities of small diameters. The 
morphology of an individual pit is controlled by the nature and intensity of attack [97]. 
For aluminium and its alloys, two types of pit morphologies are usually observed; 
crystallographic and hemispherical pits. For example, in hydrochloric acid, cubic pits 
form because of the preferential attack in the {100} crystallographic orientation; where 
moisture is present, attack is concentrated in the {111} direction and octahedral pits 
result [102]. In near-neutral chloride-containing environments, the mouths of the pits 
tend to be circular and the cross-sections roughly hemispherical [97]. The presence of 
an aggressive anion is a necessary condition for pitting corrosion to occur. Many studies 
[31, 40, 43, 103-108] have shown that such aggressive anions for aluminium and its 
alloys include; Cl-, Br-, I-, ClO4-, IO3-, NO3-, SO42-.  
The process of pit initiation can be divided into several steps: the induction period, pit 
initiation and propagation processes. Each step may be stifled and thus pit repassivation 
may occur [109].  Pitting can penetrate several millimetres during a short period if the 
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conditions are extremely unfavourable. It can be described in terms of four distinct and 
consecutive stages [110, 111]:  
 Processes occurring on the passive film, at the boundary of the passive film and 
the solution.  
 Processes occurring within the passive film, when no visible microscopic 
changes occur in a film. 
 Formation of so-called metastable pits which initiate and grow for a short 
period of time below the critical pitting potential and then repassivate (this is an 
intermediate step in pitting) 
 Stable pit growth, above a certain potential termed the critical pitting potential. 
The rapid anodic dissolution of aluminium when exposed to aggressive anions such as 
Cl- appears to be due to the ability of the chlorine ion to influence the nature of the 
passive oxide films [112] formed on aluminium and its alloys. It usually starts with the 
local breakdown of the passive film [113] (from a weak point in the oxide), and after 
initiation, the reactions within the pit reduce the pH and increase the chloride 
concentration and in this way sustain the reaction. The pit is the anode, while the 
unaffected area surrounding the point of penetration (flaw in protective oxide) is the 
cathode of a cell whose electrolyte is the corrosive solution (which contains an 
aggressive anion (e.g. Cl-)). On aluminium covered by protective films, the surface area 
available for cathodic reactions is very large compared with that available for the anodic 
reaction which is commonly initiated at flaws in the protective film. As a result, the 
current per unit area of the cathodic surface remains low and large areas of the metal 
surface may be exposed to cathodic reaction accelerators in the aggressive solution (e.g. 
oxidising agent) and thereby stimulate the anodic reaction. The anodic current density is 
high, and sufficient metal is soon removed to form a depression in the surface, unless 
corrosion products stifle the reaction [114]. In many cases, oxygen combines with 
aluminium ions produced by corrosion to form protection oxide films. However, if the 
oxygen available is insufficient or if the corrosion product formed is not protective, the 
pit grows and a cavity is soon formed in which oxygen is not easily replenished and 
thus, is soon exhausted. Moreover, corrosion current causes any chloride ions present to 
migrate to the anode. These ions tend to destroy the protective qualities of any films 
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which may still be present and they also acidify the solution in the pit [114]. The 
combination of large cathodic and small anodic areas, oxygen exhaustion, chloride 
accumulation and acidicity of solution in the pit, produce an intensely localised form of 
attack. The overall result on the corrosion rate depends on whether it is the anodic 
retardation or cathodic stimulation that is dominant [114].  
Nitrate ions are usually considered as being among the most effective inhibitors of the 
pitting corrosion of aluminium by chlorides [32, 115]. However, copper-rich particles 
act as preferential sites for pitting due to the aggressiveness of nitrate ions towards these 
intermetallics. It has been shown [116, 117] that in specific electrolyte mixtures, i.e., 
specific concentrations and specific [NaCl]/[NaNO3] ratios, the corrosion rates of 
AA7075 and AA2024 aluminium alloys are increased by an order of magnitude over 
that in NaCl solutions of the same concentrations. The results were related to the 
reactivity of nitrate ions toward intermetallic compounds [116].  
2.2.3 Crevice corrosion 
Crevice corrosion is a localised form of corrosive attack. It can be considered as a 
particular form of pitting which occurs between faying surfaces (e.g., in threaded or 
flanged connections), usually due to oxygen concentration cell effects. This form of 
corrosion is usually associated with a stagnant solution on the micro-environmental 
level [84]. Such stagnant microenvironments tend to occur in crevices (shielded areas) 
such as those formed under gaskets, washers, insulation material, fastener heads, surface 
deposits, disbanded coatings, threads, lap joints and clamps [84]. Examples of deposits 
that may produce crevice (or deposit attack) are sand, dirt, corrosion products, and other 
solids [118]. The deposit acts as a shield and creates a stagnant condition [118]. Crevice 
corrosion is initiated by changes in local chemistry within the crevice:  
 Depletion of inhibitor in the crevice  
 Depletion of oxygen in the crevice  
 A shift to acid conditions in the crevice  
 Build-up of aggressive ion species (e.g. chloride) in the crevice  
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Usually, crevice corrosion is considered to be due to oxygen concentration cell effects. 
It also arises because of acidity changes in the crevice, build-up of ions in the crevice, or 
depletion of an inhibitor. This explains why crevice corrosion is observed on materials 
like stainless steels in deaerated chloride solutions, where no oxygen concentration cell 
exists. In this case, so-called "occluded cell" corrosion processes (with increase of 
acidity and build-up of ions in the crevice) are operational, similar to the pitting 
corrosion process. 
Crevice corrosion occurs in narrow metal to metal or non-metal to metal gaps, where 
the convection of water is hampered and specific crevice chemistry which is different 
from the environment is allowed to develop. Aggressive ions like chlorides must be 
present in the bulk electrolyte. The oxygen in the bottom of the crevice is consumed and 
an anodic area is developed adjacent to the oxygen depleted zone. Crevice corrosion 
develops in a similar manner to pitting corrosion after the initiation stage, with a gradual 
decrease of pH and an increase of the chloride concentrate ion within the crevice. 
Crevice corrosion is normally not a serious problem on aluminium in the absence of 
aggressive ions, because of the very stable aluminium oxide. However, in a crevice, 
there is a possibility for accumulation of moisture because of capillary forces and 
deposits with corrosive or hygroscopic species. In this way there will be a constant 
corrosive environment in the crevice which eventually can breakdown the oxide layer.  
Crevice corrosion can also occur during storage of aluminium, for example water 
staining which creates dark stains as a result of a surface etching caused by water 
trapped between the adjacent surfaces. It is most commonly seen on sheet products and 
is mainly an aesthetic problem since the mechanical integrity of the water stained 
aluminium is rarely impaired. A further problem is the accumulation of corrosion 
products in narrow crevices which can finally deform the structure in extreme cases.  
2.2.4 Intergranular corrosion 
Intergranular corrosion (IGC) is localised attack along the grain boundaries, or 
immediately adjacent to grain boundaries [84, 119, 120] of some alloys while the bulk 
of the grains is not attacked under specific conditions. During heat treatment, 
aluminium alloys are heated to a temperature that dissolves the alloying elements. As 
the metal cools, the alloying elements combine to form other compounds. If the cooling 
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rate is slow, they form predominantly at the grain boundaries. The compounds 
formed differ electrochemically from   the   metal adjacent to   the grain   boundaries. 
These altered compounds can be either anodic or cathodic   to   the adjoining areas, 
depending on their composition. The presence of an electrolyte will only complete the 
cycle for corrosion to take place, thus resulting in an attack on the anodic area. This 
attack may be relatively rapid and   can exist without   visible evidence. Corrosion 
products building up along these grain boundaries exert pressure between the grains, as 
the corrosion advances; it reveals itself by lifting of the surface grains of the 
metal by the force of expanding corrosion products present at the grain boundaries 
just below the surface [84]. This advanced stage of intergranular attack is   referred to as 
exfoliation corrosion. Recognition   and necessary   corrective   action   to immediately 
correct   such serious instances   of corrosion   are   vital.   This   type of attack can 
seriously weaken   structural members   before the   volume   of corrosion products 
accumulate on   the surface and   the damage   becomes apparent. Aluminium alloys can 
be susceptible to intergranular corrosion depending on heat treatment.  
In order to understand the susceptibility of aluminium alloys towards IGC, Guillaumin 
and Mankowski [4] studied the corrosion behaviour of AA2024-T351 alloy in 1 M  
NaCl solution. They found that the Al2CuMg hardening precipitates encountered in the 
alloy matrix are surrounded by a dispersoid-free zone. Hence, the galvanic couples; 
dispersoid-free zone/the rest of the alloy matrix, and dispersoid-free zone/S phase 
particles cause the dissolution of the matrix surrounding the particles. The formation of 
intermetallic precipitates such as Al2Cu and Al2CuMg in the vicinity of grain 
boundaries makes these zones depressed in Cu content [121]. Thus, the grain 
boundaries become more anodic than the grain bulk. Hence copper-containing 
aluminium alloys (AA2xxx series) with certain heat treatments, are sensitive to 
intergranular corrosion (IGC). 
Sinyavskii et al. [113] showed that intergranular corrosion can proceed on aluminium 
alloys in either of two forms, namely crystallographic or structure-decomposition IGC. 
The first is characteristic of low-alloy or pure aluminium and is controlled by 
recrystallisation process [113]. High-angle boundaries of growing recrystallised grains 
accumulate numerous vacancies which partly coagulate, thus causing thermodynamic 
instability of the boundaries, and their electrode potential approaches the potential of 
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active corrosion [113]. The second is characteristic of medium- or high-alloy aluminium 
and is controlled by peculiarities of the decomposition of the supersaturated solid 
solutions [113].  
In aluminium alloys, intergranular attack usually results from the establishment of local 
cells along grain boundaries in which second phase, intermetallic precipitates 
concentrate [84]; these are either anodic or cathodic to the bulk of the grain. 
Susceptibility to intergranular corrosion is mainly dependent upon alloy composition 
and heat-treatment. AA1xxx and AA3xxx series aluminium alloys are generally not 
susceptible to intergranular attack since grain boundary precipitates either do not arise, 
or they have the a similar solution potential to the surrounding metal. This form of 
corrosion can be very dangerous because the attack can proceed undetected through the 
material and may deteriorate the mechanical properties of the metal and cause fracture 
without any visible exterior signs of corrosion.  
2.2.5 Exfoliation corrosion 
Exfoliation corrosion is a further form of severe intergranular corrosion associated with 
high-strength aluminium alloys [84]. Generally, exfoliation corrosion occurs when there 
is a combination of three factors: a highly directional microstructure, a preferential 
anodic path and a specific type of corrosive environment [110, 122]. Exfoliation 
corrosion proceeds in layers parallel to the surface in the rolling direction [123], the 
layers will flake because of the pressure from the corrosion products. It exhibits itself by 
the “lifting up” of the surface grains of the metal by means of the force of the expanding 
corrosion products present at the grain boundaries just below the surface [124]. The 
corrosion products force metal away from the body of the material and give rise to a 
layered or leaf-like appearance ("exfoliation") in unrecrystallised alloys. Exfoliation 
corrosion is a visible evidence of intergranular corrosion and is more often seen on 
extruded sections where grain thicknesses are usually less than rolled forms [124]. 
Alloys that have been extruded or otherwise worked heavily, with a microstructure of 
elongated, flattened grains, are particularly prone to this damage [84]. This form of 
corrosion is associated with a marked directionality of the grain structure [110]. In 
aircraft materials, exfoliation corrosion is most common in the heat-treatable Al-Zn-
Mg-Cu (AA7xxx series), Al-Cu-Mg (AA2xxx series), and Al-Mg alloys. Exfoliation 
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corrosion has also been observed in Al-Mg-Si alloys [110] and some cold worked 
AA5xxx alloys. Care must be taken over heat treatment where maximum resistance to 
exfoliation is usually achieved before maximum resistance to stress corrosion cracking 
[97]. For example, precipitation treatments used to produce a T76 temper in AA7xxx 
alloys, which use times and temperatures intermediate to those of T6 (peak aged-
maximum strength) and T73 (increased resistance to stress corrosion cracking) 
treatments, provide excellent resistance to exfoliation but only intermediate resistance to 
stress corrosion [97]. 
Alloys that are susceptible to intergranular corrosion may also experience exfoliation 
corrosion when heavily cold worked. The attack is not usually as serious as 
intergranular corrosion because it is easier to observe. However, localised effects can be 
dramatic, such as in the case of fasteners and rivets which are subjected to cold work 
during assembly and subsequently exposed to service conditions which can give rise to 
grain boundary precipitation. The cold worked head of the fastener can become 
completely detached in extreme cases.  
2.2.6 Filiform corrosion 
One of the most common forms of corrosion occurring on coated aluminium and 
aluminium alloys is filiform corrosion (FFC) [125]. It is characterised by an active 
corrosion cell that propagates across the metal surface underneath the coating [126], 
leaving a tail filled with corrosion products [127, 128]. The mode of attack is similar to 
pitting corrosion in that the front of the attack is supported by moisture which penetrates 
the surface layer and becomes depleted of oxygen making the area anodic. Essentially, 
filiform corrosion is a type of “oxygen concentration cell” in which the anodic area is 
the head of the filament and the cathode is the area surrounding it, including the tail. In 
appearance, filiform corrosion on aluminium alloys resembles long thin, thread-like 
filaments, often up to several centimetres long, but less than 1 millimetre wide. A 
filament consists of two visually distinguishable parts: an active head, where dissolution 
of the metal occurs, and a trailing tail, composed of dry corrosion products [127]. The 
filaments are generally white, with a grey head. This head forms the active corrosion 
site, with corrosion propagation and filament growth taking place here. Filament heads 
are electrolyte-filled, containing metal cations and aggressive anions (such as Cl–), and 
61 
 
typically exhibit a low pH (as low as pH 1) toward their leading edge  as a consequence 
of cation hydrolysis [129, 130]. Conversely, filament tails are filled with dry, porous, 
corrosion product. It is generally believed that filament advance is driven by differential 
aeration arising from facile mass transport of gaseous oxygen (O2) through the filament 
tail [129, 130]. This implies that the principal site of cathodic oxygen reduction must lie 
toward the trailing edge and that of anodic metal dissolution toward the leading edge of 
the filament head [131]. Filament advance on aluminium alloys is thought to involve 
anodic undercutting of the organic coating [129, 130, 132-134]. However, increased 
coating adhesion tends to reduce filament propagation rates, possibly because of the way 
in which coating adhesion and coating deformability influence the shape of the filament-
head electrolyte droplet [131].  
Filiform corrosion is almost always initiated at defects in the coating and propagates in 
the presence of aggressive chloride ions, oxygen, and sufficient relative humidity [128]. 
It is generally considered to result from contamination on the metal surface and will 
only propagate in humid conditions [135]. It depends on the relative moisture of the air 
and the quality of the surface treatment preparation prior to coating. The type of pre-
treatment used prior to painting has a very important influence on the subsequent 
occurrence of filiform corrosion [135]. While this form of corrosion rarely, if ever, leads 
to a working failure, the consequences can be severe for any decorative function [125]. 
It has been unclear whether the range of behaviour of aluminium alloys are caused by 
differences in the alloy compositions or by some feature of their microstructure or 
surface condition [135]. However, according to Leth-Olsen and Nisancioglu [136], the 
chemical composition of the substrate is believed to play an important role on resistance 
to filiform corrosion.   
The literature reveals that susceptibility of aluminium alloys to filiform corrosion attack 
is more closely related to the condition of the original surface layer than to the 
microstructure of the substrate [135]. This is due to the presence in the near-surface 
regions of high temperature oxides, rolling lubricants and other contaminants from 
processing. Copper and iron-containing aluminium alloys can lead to the formation of 
galvanic cells between intermediate compounds and the matrix. These events govern the 
local breakdown of protective coatings on such aluminium alloys. It is also well known 
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from the literature that the composition of aluminium alloy, particularly copper and iron 
contents, has a direct and dominant effect on the growth rate of filiform corrosion.  
Afseth et al [137-141] have found a strong relationship between the presence of 
deformed layers and filiform corrosion susceptibility of AA3xxx and AA5xxx series 
aluminium alloys. The hot-rolled material is more susceptible to filiform corrosion 
attack than the cold-rolled material, and the susceptibility increases more with heat-
treatment [137, 139, 141]. The microstructure of AA3005 alloy reveals the presence of 
fine intermetallic phases within the thin deformed layer, although the investigation 
could not establish significant change in solid solution manganese content at the alloy 
surface [137]. Caustic  etching improved the filiform susceptibility of the alloy by 
removal of the active surface layer [141]. Etching also removed the substrate sensitivity 
to heat-treatment, thus indicating that the enhanced precipitation is associated with the 
deformed layer [142]. By cold-rolling a corrosion-resistant etched sample, the 
sensitivity to filiform attack after heat-treatment can be reintroduced[141]. The effect is 
associated with the precipitation of intermetallic particles during thermo-mechanical 
processing [142]. The particles increase cathodic activity of the surface and act as pit 
initiation sites. It is also thought that precipitation causes solute depletion of the matrix 
[142, 143]. The use of an inhibiting primer or a conversion coating can be effective 
protection against filiform corrosion attack.  
2.2.7 Galvanic corrosion 
Galvanic corrosion takes place between two different metals, alloys, or coatings, which 
are coupled together electrically in the presence of a common electrolyte. Galvanic 
effect can also arise due to differences in metal composition and as a result of varying 
composition in the region of grain boundaries for the same metal. Each metal has a 
potential different from any other metal when placed in an electrolyte, thus setting up an 
electrochemical corrosion cell [84]. Almost any lack of homogeneity of the aluminium 
alloy surface or its environment may initiate a galvanic corrosion attack by causing a 
difference in potential. The magnitude of this potential difference between the alloy 
surfaces will determine which areas of the metal are the cathodes and which areas are 
anodes, and the rate at which corrosion occurs at the anode. Contact between dissimilar 
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metals may also cause galvanic current to flow, due to the difference in potentials of the 
two metals. 
For galvanic corrosion to occur, the following three conditions must exist: 
 There must be two electrochemically dissimilar metals present 
 There must be an electrically conductive path between the two metals 
 There must be a conducive path for the metal ions to move from the more anodic 
metal to the more cathodic metal. 
The degree to which aluminium corrodes when coupled with a more cathodic metal 
depends on the degree to which it is polarised in the galvanic cell [52]. The metal or 
alloy possessing the more negative (active) potential tends to suffer accelerated 
corrosion i.e. the material is consumed by anodic dissolution [84], while the metal or 
alloy possessing the more positive (noble) potential tends to remain practically 
unaffected. 
To protect metals or alloys from an aqueous environment or the atmosphere, a variety of 
coatings have been applied to the surface of such metals or alloys [144]. In the presence 
of an electrolyte, which could be a thin film of moisture, galvanic action between 
coating and substrate is an important factor in determining the protection offered by 
most coatings [144]. Galvanic corrosion of aluminium by more cathodic metals in 
solutions of non-halide salts is usually less than in solutions of halide ones because the 
aluminium is less likely to be polarised to its pitting potential [52]. In any environment, 
galvanic corrosion is reduced by removal of the cathodic reactant.   
2.2.8 Stress corrosion cracking 
Many alloys exhibit excellent resistance to stress corrosion cracking in all standard 
tempers; however, high strength aluminium alloys, which are of primary interest in 
aerospace applications, must be approached cautiously. Stress corrosion cracking (SCC) 
is the formation of brittle cracks in a normally sound material through the simultaneous 
influence of tensile stress and a corrosive environment [145]. This stress can either be 
applied (external load), or can be residual stress in the metal (e.g., due to production 
process or heat treatment). In most cases, stress corrosion cracking has been associated 
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with the process of active path corrosion which involves accelerated corrosion along a 
path of higher than normal corrosion susceptibility, with the bulk of the material 
typically being passive. The most common active path is the grain boundary [146], 
where segregation of impurity elements can make it marginally more difficult for 
passivation to occur. There are some essential conditions that must be present for stress 
corrosion cracking to occur: 
 A susceptible material 
 An environment that causes stress corrosion cracking for that material and 
 Sufficient tensile stress to induce stress corrosion cracking 
The last often involves residual fabrication stresses, especially at weldments. Several 
investigations have indicated that stress corrosion cracking is strongly affected by alloy 
composition, microstructure, heat treatment, and to a lesser degree, the stress intensity 
[147-149]. Aluminium alloys containing more than 3% wt Mg or 1-2% wt Zn are 
susceptible to stress corrosion cracking in both atmospheric and water exposures due to 
supersaturation of solid solution and increased tendency of magnesium atoms to 
precipitate at grain boundaries [148]. However, it was reported that zinc addition of 1-2 
% wt improves SCC resistance of Al-Mg alloys, due to the formation of stable Al-Zn-
Mg phases at grain boundaries [148]. Low strength alloys and commercially pure 
aluminium are (much more) resistant to stress corrosion cracking. Several literatures 
also reported the poor resistance to stress corrosion cracking exhibited by aluminium 
alloys containing appreciable amounts of soluble alloying elements, such as AA2xxx 
series, copper-bearing AA7xxx and AA8xxx series alloys [120, 149]. It is assumed that, 
for Al-Cu alloys (AA2xxx series), stress corrosion cracking occurs through an anodic 
dissolution mechanism, whereas hydrogen embrittlement is the cause of cracking in 
higher strength [Al-Zn-Mg (-Cu)] alloys. Hence, anodic dissolution is generally 
favoured in AA2xxx series aluminium alloys while hydrogen embrittlement cracking is 
favoured in the AA7xxx series.  
The embrittlement of aluminium alloys by hydrogen involves the ingress of hydrogen 
from the environment (through corrosion) into the susceptible alloys, which can 
seriously reduce the ductility and load-bearing capacity, causing cracking and brittle 
failures at stresses below the yield stress of aluminium alloys. In this case, the cathodic 
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reaction during SCC is the reduction of hydrogen, and the hydrogen evolved enters the 
alloy and induces initiation and propagation of the crack through diffusion and 
enrichment of hydrogen atoms at the crack tip during the process of SCC [150]. For 
stress corrosion cracking controlled by anodic dissolution, the cathodic process does not 
involve the reduction of hydrogen or hydrogen from the cathodic reaction is not 
sufficient to induce hydrogen embrittlement. The precipitation of electrochemically 
more noble phases at grain boundaries leads to the depletion of the more noble element 
in the area adjacent to the grain boundary. The depleted zones have a lower potential 
than the precipitates and this way, an anodic path along the grain boundaries is formed 
which causes the grain boundary regions to dissolve preferentially. The applied stress 
continually ruptures the oxide film in the grain boundary region, enabling or enhancing 
anodic dissolution, and crack propagation occurs along the grain boundaries. Anodic 
dissolution of active intermetallic phases or grain boundaries, and effects of copper 
enrichment around, or in, particles on localised galvanic corrosion cells are examples 
where anodic dissolution dominates the crack growth process. A typical example for 
this is the copper-rich intermetallic phases (Al3Cu or Al3CuMg) at grain boundaries of a 
sensitised 2xxx – series alloy.  
In practice, stress corrosion cracking is mainly encountered in the heat treated, high-
strength alloys. Such cracking is a problem, for example, in marine and aircraft 
structures where a high strength-to-weight ratio is required. In particular, stress 
corrosion cracking of high strength AA7xxx series aluminium poses a continuing issue 
for the aerospace industry [151]. A typical susceptible material is AA7075-T6. 
However, the same alloy, but in the T73 temper, has good resistance to environmental 
cracking.  
Intergranular corrosion is strongly involved in stress corrosion cracking of aluminium 
alloys together with pitting corrosion, which is important during the crack initiation 
phase and in forming local occluded corrosion cells for creating a locally acidified 
occluded environment. In general, aluminium alloys containing appreciable amounts of 
soluble alloying elements such as copper, magnesium, silicon, and zinc are sensitive to 
stress corrosion cracking. Stress corrosion cracking of aluminium alloys is almost 
exclusively intergranular and it is generally thought that grain boundaries form an 
anodic path for stress corrosion cracking growth under the combined influence of stress 
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and a favourable environment. Therefore, stress corrosion cracking of aluminium alloys 
may be prevented by cathodic protection or with a suitable heat treatment, thus making 
the microstructure less sensitive to stress corrosion cracking. Application of protective 
coatings for aluminium alloys is a further useful and important method in avoiding 
stress corrosion cracking susceptibility [148]. 
2.3 Corrosion Behaviour of Copper-containing Aluminium Alloys 
There is significant interest in the corrosion behaviour of copper-containing aluminium 
alloys[152]. Copper, whether it is present at matrix regions or as a constituent of 
secondary phases, is generally considered to affect the corrosion resistance. Generally, 
the microstructure of the aluminium alloys has a large influence on their corrosion 
behaviour. The dominant feature of alloy microstructures is the distribution of second-
phase particles that contains high concentrations of alloying and impurity elements 
[153]. These particles often exhibit distinctly different electrochemical characteristics 
compared to the surrounding matrix microstructure. In particular, the presence of 
intermetallic compounds of copper, which act as cathodic sites, play an important role 
in the corrosion behaviour of aluminium alloys [154] and they can give rise to localised 
corrosion, such as pitting, intergranular, stress corrosion and exfoliation, because of the 
formation of galvanic cells. The shape, size and chemical composition of the 
intermetallic particles are determined by the processing route (heat treatment and 
forming) carried out on the aluminium alloy [155]. Furthermore, the corrosion 
behaviour of copper-containing aluminium alloys depends on the chemical composition 
of the media since species such as chlorides are aggressive towards the aluminium 
matrix and the copper-rich particles. On the other hand, sulphates, which can also be 
aggressive to copper-rich intermetallic particles, have an inhibitive effect on the 
corrosion of the aluminium matrix [156-158]. 
2.3.1 Effects of alloying elements 
The effect of copper on the pitting potential of aluminium-copper alloys is 
predominantly of interest since it gives a clue for the possible mechanism of pitting. The 
pitting potential of solution-treated aluminium-copper alloys (alloys water quenched 
from 5390C, with the copper retained in solid solution), increases with increasing 
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copper content [29, 159]. The effect is stronger for the first 1% Cu addition, with the 
pitting potential dependence becoming almost linear for increased copper contents, up 
to 5% [29]. The highest pitting potential value was limited by solubility of copper in 
aluminium [159] and ageing of the alloy affected the pitting potential. The pitting 
potential of the aged alloy was found to be determined by the copper content of the 
solute depleted zones formed during ageing [29]. 
Many studies have shown that gains in mechanical properties derived from copper 
alloying and ageing results in a decrease in corrosion resistance of copper-containing 
aluminium alloys due to the formation of copper-rich intermetallic particles. These 
particles (discussed in detail in section 2.3.2) provide sites for oxygen reduction, 
increase the alloy corrosion potential, and localise electrochemical activity on the alloy 
surface in a way that leads to enhanced corrosion susceptibility compared to other 
aluminium alloys [153, 160-168]. However, an effect of copper alloying addition which 
is not as widely appreciated is the inhibition of localised corrosion in its initial stages 
[161, 169-171]. This effect is observed almost exclusively in Al-Cu solid solutions 
[161, 171]. A multi-electrode approach was used by Kim and Buchheit [161] to collect 
statistically large populations of pitting potential measurements on Al 99.999, Al-0.2Cu, 
Al-2.0Cu and Al-2.0Zn solid solution alloys. The results obtained established that 
copper dissolved in solid solution ennobles the pitting potential compared with Al 
99.999, while Zn reduces the pitting potential. Ramgopal and Frankel [171] developed a 
more clear-cut interpretation of the inhibiting effect of copper in Al-Cu solid solutions 
based on the measurement of the anodic polarisation response of artificial crevices using 
a decreasing potential scanning approach. Based on their results, copper ennobles 
aluminium dissolution kinetics by increasing the exchange current density and the Tafel 
slope of the dissolution partial reaction. This increases the repassivation potential and 
reduces the dissolution kinetics producing the observed inhibiting effect. 
2.3.2 Effects of intermetallics 
Intermetallic compounds can be defined as an ordered alloy phase formed between two 
or more metallic elements. These particles are either intentionally developed in order to 
obtain the desired mechanical properties or they are present in the alloys as natural 
impurities. Many authors [4, 25, 154, 155, 172, 173] have discussed the importance of 
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intermetallic particles as initiation sites for corrosion. Intermetallic particles can exhibit 
two modes of behaviour: passive and active. Passive behaviour is characterised by 
relatively noble corrosion potentials (Ecorr) and low dissolution rates [174]. The active 
behaviour on the other hand, is characterised by active corrosion potential and large 
dissolution currents [174]. The susceptibility of aluminium alloys to localised corrosion 
strongly depends on the distribution and electrochemical properties of intermetallic 
compounds and second phase particles [160, 175]. The electrochemical responses of 
copper-rich intermetallic particles have received particular attention, since they can be 
preferred cathodes [163, 176]. The role of particles in relation to corrosion are often 
described in the context of their galvanic relationship with their surrounding matrix 
phase, solute depleted zone, or other intermetallic particles present. Furthermore, noble 
elements, especially if present as precipitated constituents, actually leads to an increase 
in the corrosion susceptibility of copper-containing aluminium alloys, as a result of the 
formation of localised galvanic couples [102, 155, 177, 178]. Several studies have 
shown that the susceptibility of commercial Al-Cu alloys to corrosion is principally due 
to copper-rich, magnesium-rich and iron-rich intermetallics.  
Cast alloys generally contain a high concentration of intermetallic particles which, to 
some extent, govern the mechanical and physical properties of these alloys. 
Intermetallic particles generally found in cast alloys are the copper-rich, iron-rich and 
magnesium-rich intermetallics. In the following sections, the effect of the presence of 
copper-rich and iron-rich intermetallic on the electrochemical properties of copper-
containing aluminium alloys will be discussed. 
2.3.2.1 Copper-rich intermetallics - Al2Cu (θ phase) 
A considerable number of studies [31, 176, 179] have been carried out in order to assess 
the electrochemical behaviour and effect of Al2Cu intermetallics on corrosion behaviour 
of Al-Cu alloys, especially AA2xxx aluminium alloys. Scully et al. [180] examined the 
relevance of Al2Cu intermetallic compounds to the localised corrosion of aluminium 
alloys. They found that the open circuit potentials of the Cu and Al2Cu are ≥ 0.75 V 
more positive than that of Al in inert solutions ranging from pH 2 to 12 [174, 180, 181].  
The relationship between Epit and the concentration of chloride ions is: 
Epit [VHg/Hg2SO4] → -1.120 – 0.121 log [Cl-]      (2.19) 
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Comparing equation 2.19 to the open circuit potentials obtained from their study, Scully 
et al. [180] concluded that the open circuit potentials of Al2Cu in solutions of near-
neutral pH are more positive than or equal to the Epit for pure Al over a broad range of 
Cl- concentrations. This confirms the widely held view that galvanic coupling of Al2Cu 
intermetallic particles to the Al-rich α-phase will promote pitting and deposition 
corrosion [174, 176, 180, 181]. Deposition corrosion is a special case of galvanic 
corrosion that takes the form of pitting. It occurs when particles of a more cathodic 
metal in solution plate out on an aluminium surface to set up local galvanic cells [52]. 
Corrosion of alloys due to deposition appears to stem from dealloying of intermetallic 
particles as well as from solid solutions [177]. For Al-Cu alloys, deposition corrosion 
involves dissolution of copper by corrosion and replating of copper elsewhere on the 
alloy surface [177, 181]. Replated copper is a far more efficient catalyst for hydrogen 
and oxygen reduction than an oxide-covered surface on aluminium, and this increased 
cathodic efficiency stimulates further alloy corrosion [177]. The gap in understanding 
deposition corrosion in aluminium alloys has existed in relation to how copper is 
oxidised from the alloy during a corrosion process that occurs hundreds of millivolts 
negative to the oxidation potential of copper [177, 181, 182]. Copper deposition was 
studied by Obispo et al. [183], on AA2024 aluminium alloy in 3.5%  (0.6 M) NaCl 
solutions, ranging in pH from 3 to 11. They observed that variations in the pH can alter 
the integrity and morphology of copper deposits which, in turn, can affect the efficiency 
of pitting corrosion. That is, nodular copper deposits formed in acidic NaCl 
environments may be more adherent than those in neutral or basic environments, 
thereby influencing the frequency of corrosion pits in the matrix [183]. According to 
Annamalai et al. [184, 185], temperature also has an important influence on copper 
deposition. 
2.3.2.2 Copper-rich intermetallics - Al2CuMg (S phase) 
A further, important copper-rich intermetallic particle is the S phase (Al2CuMg). These 
particles are the ones most often observed in AA2024-T3 alloys [186]. The importance 
of anodic S phase particles (Al2CuMg) as initiation sites for severe pitting corrosion of 
copper-containing aluminium alloys when exposed to aggressive environments has been 
discussed in several papers [4, 25, 183, 187, 188]. The mechanism for pitting associated 
with S phase intermetallic particles in AA 2024-T3 has been discussed by Buchheit et al 
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[25]. In summary, they found that corrosion of AA 2024-T3 starts from the dealloying 
of anodic S phase particles as a result of galvanic corrosion driven by the galvanic 
couple of anodic S phase and the cathodic aluminium matrix. This resulted in the 
formation of copper-rich particle remnants in 0.1 M NaCl, which was also confirmed by 
Zhu and van Ooij [187]. As dealloying continues, the S phase remnants become copper-
rich and finally turn into cathodes towards the adjacent Al matrix. Consequently, the 
opposite galvanic couple of anodic Al matrix and cathodic copper-rich S phase remnant 
is established [187]. This would lead to another galvanic corrosion, causing dissolution 
of the surrounding Al matrix [25]. This explanation is not fully supported by the 
experimental evidence of the study carried out by Zhu and van Ooij [187], although 
several other authors [4, 189, 190] are in agreement. This gives rise to the question 
whether or not the galvanic corrosion suggested by Buchheit et al [25] is the primary 
cause for the severe Al dissolution around the S phase particles? An alternative 
explanation given by Zhu and van Ooij [187], is that the α-Al matrix is most likely to 
experience a severe cathodic dissolution due to the local alkalization formed along the 
dealloying of S phase in the early stages (3.5 hours of immersion in a 0.6 M NaCl 
solution (pH 6.5)). The overall cathodic dissolution of the surrounding Al matrix 
consists of the following two simultaneous processes: (1) chemical dissolution of the Al 
oxide layer; and (2) electrochemical formation of a new layer of Al oxide by the 
oxidation of the bare Al matrix [187]. 
However, Schmutz and Frankel [173, 191] supported the explanation given by Buchheit 
et al [25], that dealloying by preferential dissolution of aluminium and magnesium is 
responsible for copper enrichment on the surface of the intermetallic particles. The latter 
showed that dealloying of Al-Cu-Mg particles produces copper particles that are no 
longer attached to the metal surface, which results in redistribution of copper around the 
intermetallics. Copper enrichment of S-phase particles after corrosion tests can be 
explained in two ways, namely, selective dissolution of Al and Mg while Cu remains in 
the S-phase, or dissolution of the particle followed by copper redeposition [188]. 
Nitrate ions, which are known to be efficient inhibitors for aluminium, are very 
aggressive species towards copper. Hence, due to their high copper content and to their 
less protective oxide film, Al-Cu-Mg intermetallic particles act as anodic sites and are 
preferentially dissolved, the cathodic reaction being the reduction of nitrate ions. Al, Cu, 
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and Mg from the particles are dissolved and, when the applied potential is sufficiently 
low, copper becomes redeposited on and around the particles [188]. The particle with 
the copper layer becomes more noble in comparison with the adjacent matrix and thus 
induces the dissolution of the surrounding matrix and simultaneously, nitrate ions 
induce pitting of the copper enriched particles which continue dissolving [188]. 
Therefore, Al-Cu-Mg particles act successively as anodic and cathodic sites until they 
are completely dissolved. However, at high potentials no copper redeposition occurred 
and nitrate ions protected the AA2024 aluminium alloy from pitting [188]. When Blanc 
et al [188], performed the same experiment in nitrite solution, copper-rich particles 
again dissolved but only pitting of the matrix was observed due to the lower amount of 
hydroxyl ions produced by the cathodic reduction, i.e., nitrite reduction. This shows that 
nitrite ions are less effective inhibitors of pitting corrosion for 2024 aluminium alloy 
than nitrate ions. 
2.3.2.3 Iron-rich intermetallics 
Iron is the dominant impurity found in commercial grade aluminium and aluminium 
alloys [192, 193]. The solubility of iron in the solid state is very low; hence, most of the 
iron present in aluminium alloys appears as an intermetallic second phase in 
combination with aluminium and other elements. It forms intermetallic second phase 
particles such as Al7Cu2Fe, Al23CuFe4, Al5FeSi, AlSiMgFe, and Al3Fe depending on the 
composition of the parent alloy and heat treatment. There is general consensus that iron-
rich intermetallics act as local cathodes promoting dissolution of the surrounding 
matrix. Obispo et al. [183, 192] studied copper deposition on AA2024-T3 aluminium 
alloys, using TEM/EDX along with a replica-based lift-off technique to enhance the 
particle and surface debris resolution. They observed large copper clusters deposited on 
iron-rich or iron-containing areas when AA2024-T3 was immersed in 0.6 M NaCl 
solutions. They suggested that copper reduction from solution is an electrochemical 
displacement reaction which is very likely to occur on cathodic particles by oxidization 
or dealloying of electroactive elements such as iron (Fe) from the particles. A cluster of 
nodular particles was also displayed on the surface of the dealloyed S phase remnant 
[187]. This might indicate that, after dealloying to a certain extent, the S phase remnant 
becomes so cathodic towards the aluminium matrix that it turns into a favourable site 
for copper reduction.  
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Recently, Bethencourt et al [22] studied the behaviour of AA2017 alloy in 0.59 M NaCl 
solution. They observed that Copper-rich intermetallic particles are cathodic with 
respect to the matrix, and a reaction of reduction of oxygen takes place over these. The 
associated anodic reaction is the oxidation of the matrix. The authors [22] also observed 
that the local increase in pH resulted in the dissolution of the layer of oxide and of the 
matrix that surrounds the intermetallics. According to these authors and several other 
authors [22, 25, 187, 194], a notable fact in the behaviour of the iron-rich intermetallics 
is the effect of copper. Small superficial particles rich in copper were observed on the 
alloy matrix, particularly over the iron-rich intermetallic particles. These authors 
concluded that the copper originates from Al(Cu,Mg) intermetallics and once the Al and 
Mg in these particles have been removed, the remaining copper is dissolved due to its 
porous structure. Hence, this copper in solution is then reduced on cathodic sites such as 
the Al(Cu,Fe,Mn) intermetallics and thus, appears in the form of nodules. These small 
nodules were seen deposited preferentially on iron-rich intermetallic particles, while no 
deposition was observed on Al(Cu,Mg). Bethencourt et al [22] were able to confirm that 
the layer of oxide formed around the Al(Cu,Mg) intermetallics is rich in copper, while 
the layer present around the iron-rich intermetallics is less rich in copper. Copper 
deposition onto iron-rich intermetallics as noted by Obispo et al [183] and Chen et al. 
[195], may involve a reaction of the form: 
Cu2+ + Fe → Fe2+ + Cu        (2.20) 
where the iron-rich particles become the more electropositive substrate [183]. 
2.4 Corrosion Protection by Conversion Coatings 
2.4.1 Introduction 
A metal conversion treatment is a specially formulated mixture of inorganic chemicals 
which react with the metal surface to produce a strongly adherent, corrosion-inhibiting 
conversion coating on the metal surface. This treatment changes the immediate surface 
layer of metal into a film of metallic oxide or compound which provides improved 
corrosion resistance compared with the natural metal oxide film, and it provides an 
effective base or key for supplementary protection such as paints. They differ from 
anodic coatings in that conversion coatings are formed by a non-electrolytic (no applied 
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power) chemical  reaction at the surface of the aluminium, whereas anodic coatings are 
formed using external electrical power [52]. However, conversion coatings are much 
thinner than anodic coatings and are consequently less durable [97]. Thus, conversion 
coatings usually form the base for the application of paints or other organic coatings. 
The main advantages of chemical conversion processes are lower operating and capital 
costs, as well as speed [10, 196] when compared with anodising. The strength and 
durability of an adhesively bonded repair depend partly on the adhesive and partly on 
the metal and its surface pre-treatment. Many pre-treatments have been developed to 
increase the initial strength and durability of bonds to aluminium and its alloys. 
Penetration of the adhesive into the pores of the surface film is an important feature of a 
durable bond [197]. Penetration depends not only on the pore dimensions, but also on 
the contact angle between the adhesive and substrate, the adhesive viscosity and the 
viscosity-time characteristics at the temperature of application [197]. 
2.4.2 Conversion coating of aluminium and its alloys 
Before an organic coating is applied, aluminium alloys are often treated by conversion 
coating to convert the metal substrate to a corrosion resistant surface that more easily 
accepts and bonds to subsequently applied coatings [198, 199]. This method of 
protecting aluminium and its alloys from corrosion by conversion coatings has been in 
use since 1915 [200]. There are three main types of surface pre-treatment based on the 
following [198]: 
 The thickening of the natural oxide film 
 The production of a precipitated film of heavy metal phosphates and/or 
chromates; and non-chromium processes 
 The use of synthetic organic polymers 
The ideal pre-treatment film possesses the following properties [51]: 
1. It should be continuous and impervious to gas and liquids 
2. It should be inert or almost insoluble in its environment 
3. It should not electrolytically accelerate the attack on the basis metal  
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4. It should be resistant to mechanical damage such as abrasion or scratching or, if 
weak and thin, it should be self-healing 
5. It should bond readily with paints and other organic finishing materials. 
The factors that are of importance are primarily the type and conditions of the 
conversion process and to a lower degree, types and microstructure of the underlying 
alloy [201]. 
2.4.3 Surface chemistry of adhesion to aluminium 
Ideally, conversion coatings not only provide some enhancement to the corrosion 
resistance of the substrate but also function predominantly to increase the adhesion of 
the subsequent organic layers. Adhesion of coatings to aluminium surfaces undoubtedly 
depends on the environment, the surface cleanliness, the area of real contact, the 
properties of the solids and the interface, and modes of junction rupture. The effective 
rate of permeation from the external environment to the metal surface depends primarily 
on: 
 The thickness of the coating 
 The diffusivity and solubility within the homogeneous polymer, and 
 The presence of macro- and micro-defects in the coating 
Diffusivity and solubility of pollutants are mostly determined by the chemical nature of 
the polymeric layer and the effective cross-linking achieved during curing of alloys. The 
use of a coating that is too thin produces uncovered metal peaks and/or thinned 
polymeric areas. Adhesion across an interface occurs by physical and chemical bond 
formation [202]. Chemical bonding involves covalent bond formation between the 
substrate and the adhesive, while physical bonding can involve mechanical interlocking 
or adsorption due to dispersive or donor-acceptor interactions [202]. Surface treatments 
usually involve a number of steps carried out under strictly controlled conditions and 
times [203]. They can be roughly broken down into a cleaning step to remove oils, 
greases, and dirt;  a step in which the existing oxide is removed; in the same or a 
following step, a new, tailored oxide or conversion coating is formed [203]. In general, 
the more demanding the environment and/or mechanical performance required, the 
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more extensive the pre-treatment procedure [203]. For example, the requirements placed 
on a structural bond in an aircraft will be significantly greater than those required for a 
packaging laminate, and this is usually reflected by the pre-treatment process adopted. 
2.4.4 Mechanism of film formation 
The natural oxide film present on all aluminium surfaces is responsible for the 
comparatively high corrosion resistance of the metal [51, 204]. The thickness of the 
oxide film varies, depending on alloy composition and processing or exposure 
conditions but is normally in the range of 5-15 nm [51]. However, the oxidation of 
aluminium surface stops after this thickness range is reached because the film formed is 
substantially non-porous and will not allow the passage of the solution to the metal 
surface [51]. In order to obtain thicker films, it is necessary to include reactants in the 
solution which will continue to penetrate through the growing film, or that will result in 
the formation of a film which remains sufficiently porous to allow continued growth 
[51]. Maintenance of these conditions requires careful control of the pre-treatment 
solution pH. If the pH is too high or too low, the material formed by reaction with the 
surface will simply dissolve in the solution and no further film growth will take place 
[51]. As a result of this, commercially suitable solutions are usually inhibited alkaline 
solutions or weak dilute acids, such as hydrofluoric, fluosilic, chromic or tartaric acids, 
which form complex ions. Lithium hydroxides also have a good potential as film 
forming agents on aluminium substrates. When aluminium substrates react with 
different pre-treatment formulations, the driving force for film growth is usually 
provided by an electrochemical process. Film formation occurs through interaction of 
fluorides in solution (conversion bath) with oxide and hydroxides in the surface of the 
metal substrate. An understanding of surface characteristics achieved by the different 
aluminium pre-treatments should help in studying the properties and characteristics of 
conversion layers formed on aluminium alloys.  
Conversion coatings can be applied to aluminium alloys by conventional techniques 
(rinse, immersion or spray) or by non-rinse processes. An important criterion for non-
rinse formulations is that they do not leave water soluble salts in the pre-treatment film 
following reaction with the metal surface [51]. As a result, some formulations 
developed for rinse application are not suitable as non-rinse [51]. Non-rinse processes 
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give films of a generally uniform composition throughout the full film thickness apart 
from some concentration of the polymeric species in the surface regions of the film 
[51]. The thickness of the conversion film formed using the non-rinse processes can be 
controlled by the formulation concentration or by the thickness of solution applied to 
the surface. Fluorides in conversion bath solutions thin the natural oxide film originally 
present on the aluminium surface and maintain a thin oxide at the interface between the 
growing pre-treatment film and the metal substrate by removing any oxides or 
hydroxides formed. Diffusion of reactants through the gelatinous growing film provides 
a mechanism for the continuation of film growth on surfaces already covered with a 
layer of reaction products [51]. Corrosion resistant films can be formed on aluminium 
and aluminium alloys using formulations comprising  metals selected from zirconium, 
titanium, hafnium, aluminium, silicon, germanium, tin and boron and aromatic 
sulphonic acid polymers and co-polymers, complex fluorides of boron, silicon, titanium, 
zirconium or hafnium have been used in pre-treatments [51].  
2.4.5 Mechanism of inhibition 
Conversion coating of a metal substrate results when the physical or chemical properties 
of the metal surface is altered by immersion in suitable conversion bath solution to form 
a partial or complete protective film at the metal-solution interface. The protective film 
formed is really a reaction product which includes a portion of the base metal as one of 
the components of the inert film which is commonly known as conversion coating. The 
mechanism of inhibition of aluminium surface by conversion coating treatments has 
been the subject of several researches. Several mechanisms have been proposed to 
explain how and why conversion coatings protect the substrate metals from corrosion. 
These mechanisms include; barrier layer protection, active corrosion protection, anodic 
inhibition and cathodic inhibition.  
The adsorption theory suggests that the action of inhibitors in suppressing corrosion is 
based on their adsorption at the metal-solution interface [159]. It was postulated [205, 
206] that the inhibitor ions chemisorb on the metal surface, which reduces the chemical 
activity of the metal [159]. For instance, the mechanism of corrosion inhibition of high 
strength aluminium alloys by hexavalent chromium containing conversion coatings 
entails a reduction and irreversible adsorption of CrIII to the surface of the metal to 
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block sites of adsorption and the release of oxo-Cr(VI) anions that migrate to defects in 
the coating. Inhibition of the alloy then occurs as a result of the hexavalent chromium 
compounds adsorbing irreversibly on micro-cathodes on the alloy. This slows the rate-
determining oxygen reduction half of the electrochemical corrosion reaction, since 
oxygen chemisorption is prevented and it becomes a much weaker oxidising agent. 
2.4.6 Chromate conversion coatings 
Chromate conversion coatings have been widely applied for corrosion protection of 
aluminium alloys owing to their self-healing nature, ease of application, high electric 
conductivity and their high efficiency/cost ratio [207]. This type of conversion coating 
effectively protects aluminium alloys against localised corrosion and promotes excellent 
adhesion to paints and adhesives [208]. Due to its toxicity and carcinogenic nature, 
hexavalent chromium is now recognised as a significant threat to both human health and 
the environment [198, 208-210]. Recent legislation imposes strong limitations in the 
future use of chromates, e.g. in the automotive and aerospace industries [208]. A 
number of alternatives for chromate conversion coatings have been developed in recent 
years [211]. However, none of these appear to match the performance and versatility of 
the chromate-based conversion processes [208]. The performance of the chromate 
conversion coatings has been attributed to several factors [208], some of which are 
listed below [212]: 
 Chromate conversion coatings contain residual hexavalent chromium which 
provides a barrier that separates aggressive environments from the aluminium 
substrates [203]. 
 Hexavalent chromium compounds adsorb on aluminium oxides so as to 
minimise the otherwise positive surface charge, which makes the films less 
susceptible to adsorption of chloride. 
 It provides barrier protection of aluminium matrix due to its hydrophobic 
character. 
 It is stable over a wide pH range. 
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 Coatings appear to be self-healing due to storage and release of CrVI species that 
diffuse to the defect and react with the bare aluminium to form hydrated Cr III 
oxide which prevents pit initiation. 
Fundamental knowledge of mechanisms of chromate conversion coating formation and 
protection afforded to the metal substrate is a top priority and a prerequisite in 
developing successful environmentally-friendly conversion coatings (chromate 
replacements) for different applications. Furthermore, identification of non-chromate 
based conversion coatings for aluminium and its alloys requires a clear understanding of 
the mechanism by which hexavalent chromium compounds inhibit and form protective 
films on aluminium and its alloys [212]. Thus, increased understanding of the 
mechanisms of nucleation, growth, and corrosion protection of the chromate conversion 
coatings, is crucial in order to gain insight into steps necessary to reproduce their 
excellent properties with other systems, which are characterised by a less detrimental 
impact on health and environment [213]. 
2.4.6.1 Mechanism of film formation 
Previous studies have shown that the morphology of the chemical conversion coating is 
strongly dependent on the crystallographic orientation of the substrate. This, in turn, 
appears to control the preferential deposition of the hydrated chromium oxide at grain 
boundaries or cellular boundaries. Such boundaries for the most part, contain the 
presumed flaw sites due to the impurity segregation in the metal substrate. Based on 
these observations, a mechanism of conversion coating growth has been progressed. 
Chromate conversion coating on aluminium alloys is generated by the reaction of the 
alloy with an acidic solution containing dichromate. The formation of chromate 
conversion coating on aluminium alloys requires the presence of fluoride at a pH of 1.2 
-1.9, to thin the oxide on the surface, thus allowing the charge transfer reactions to 
proceed [198, 208]. The chromate-fluoride baths contain about 3 to 4 g/l of chromic 
acid, 3 to 5 g/l of sodium dichromate, and about 1 g/l sodium fluoride [214]. Most 
CCCs are produced from these proprietary solutions. However, many contain 
ferricyanide accelerators [51]. Such accelerated baths contain about 2 to 5 g/l of 
potassium ferricyanide [214]. The solutions are normally operated at room temperature 
[51]. Exposure of aluminium to a dichromate-containing CCC solution results in 
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simultaneous oxidation of aluminium in the presence of complexing F- and reduction of 
the chromate to Cr(III) (a protective hydrated film):  
2Al + 3H2O → Al2O3 + 6H+ + 6e-       (2.21) 
Al2O3 + 6HF → 2AlF3 (soluble) + 3H2O      (2.22) 
Cr2O72- + 8H+ + 6e- → Cr2O3.H2O + 3H2O      (2.23) 
Film growth proceeds by direct contact of the solution with the metal surface through 
immersion, where aluminium oxide on the surface must be thinned to allow chemical 
reactions to proceed. Thus, the processes of CCC growth are envisaged as follow [94]: 
 Initial chemical reactions of the solution species with the alumina film thus 
thinning the film 
 Ionic transport proceeds to reform the film (anodic process) 
 Deposition of Cr2O3.nH2O with any hydrogen evolution (cathodic process) at 
impurity sites 
 The coating developed at cathodic sites, spreads over the surface, thus hindering 
anodic process 
 Stifling of the anodic process 
 Conversion coating reaches a limiting thickness of about 400 nm 
During the early stages of film formation, the deposition CCC on  intermetallic particles 
can occur at a different rate to that found on the aluminium matrix surface [51]. On 
thicker films, the particle can be smaller in size than those beneath [51]. As the film 
thickness increases, a tendency for the film to crack and form a “mud crack” 
morphology increases [51]. Mud cracking occurs as a result of shrinkage of the film as 
the large amounts of water trapped between the particles in the gel deposited 
(conversion film) on aluminium surface are removed during drying [51] and this can 
increase during ageing. Diffusion of reactants through the gelatinous film provide a 
mechanism for the continuation of film growth on surfaces already covered with a layer 
of reaction products [51].  
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For high purity aluminium, with relatively few impurity segregates, sites of ready 
electron conduction are in poor supply [94]. For this situation, the chemical reaction of 
fluoride species with the alumina film proceeds to give an alumina film of reduced 
thickness, which enables electron tunnelling [94]. Thus, coating formation proceeds as 
considered previously, although the detailed mechanism is subtly different from that of 
[94] lower purity aluminium (alloys).  
The morphology and composition of the chromate conversion film can be influenced by 
the formulation of the bath, although structurally the films are composed of amorphous, 
hydrated Cr2O3.nH2O with an underlying, thin Al2O3 layer which has been penetrated 
by fluoride species [94]. In the presence of phosphate species, generating the very 
important and very widely used chromate-phosphate conversion coating system, the 
Cr2O3.nH2O material is replaced by solid chromium phosphate of unknown water 
content [94]. The common understanding of the structure, chemistry, and performance 
of CCC has been developed through examination of coatings applied by immersion 
processing normally under ideal or near-ideal conditions [210]. In addition to substrate 
microstructure, preceding chemical treatment and formulations of the conversion bath 
may significantly affect the coating structure [208]. The factors affecting growth rate of 
CCCs (using acid process) are as follows: 
 Temperature – thicker coatings are obtained at lower temperature. 
 pH – coatings produced above pH 2.5 are thinner and less protective. 
 Concentration of fluoride – too high a concentration results in powdery and thin 
coatings which give poor corrosion resistance. 
2.4.6.2 Film composition and structures 
The chromate conversion coatings are essentially amorphous, with composition and 
structure affected by the preceding chemical treatment and composition of the 
conversion bath [208, 215]. Abd Rabbo et al. [215] studied the conversion coating 
development on aluminium in chromate/fluoride solutions using secondary ion mass 
spectrometry. The conversion coating obtained consists largely of chromium-containing 
material [215]. After natural immersion of aluminium specimens for 1-15 minutes in a 
chromate/fluoride conversion solution at a temperature of 293K, it was found that the 
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film is mostly amorphous but contains a cellular-like structure, with aluminium and 
fluoride being concentrated in the inter-cellular regions, probably in the form of a 
complex oxyfluoride. The literature also suggests that CCCs consist of particles ranging 
in size from 10 nm to 60 nm in layers [24].  
The structure and chemical composition of CCCs have been the subject of numerous 
studies [175, 216-219]. The results of these studies show CCCs to be a mixture of 
chromium oxides (γ-CrOOH.nH2O), other components from the conversion bath (F- and 
[Fe(CN6)]3-), and components from the substrate. Chromium is present in CCC as both 
Cr3+ and Cr6+, with Cr6+ predominantly in the outer layer [175]. It is generally 
considered that the molecular structure of the CCC is composed of a precipitated 
hydrated Cr3+ compound, which adsorbs the Cr6+ [217, 218, 220]. Further studies by 
Treverton and Davies [221] showed that conversion coatings developed in chromate 
baths comprises of a largely hydrated chromium oxide, whereas those formed in the 
chromate-phosphate treatments are essentially hydrated chromium phosphate.  
2.4.6.3 Effect of intermetallics 
The growth of chemical conversion coatings on high strength copper-containing 
aluminium alloys such as AA2024 and AA7075 is complicated by their heterogeneous 
microstructure, which includes a matrix phase and a variety of intermetallic particles of 
varying sizes and electrochemical behaviour.   Several studies [34-36, 222, 223] have 
been undertaken to determine the influence of copper-rich and iron-rich intermetallic 
particles on the formation of chromate-based conversion coatings. Meng et al. [222] 
suggested that the CCC formation on intermetallic particles is dependent on several 
factors, such as electrochemical reactivity of the intermetallics, local pH, and the 
reaction between the intermetallic particles (present in copper-containing aluminium 
alloys) and the bath composition. Waldrop and Kendig [223] studied the nucleation and 
growth of CCCs on AA2024-T3 aluminium alloys using atomic force microscopy 
(AFM). The CCC deposited on the aluminium matrix phase was found to nucleate and 
grow very fast in the form of nodules. Nucleation and growth of the conversion coating 
was observed to be faster on Al-Fe-Cu-Mn particles than on Al-Cu-Mg. This is due to 
the fact that Al-Fe-Cu-Mn intermetallic particles are more cathodically active than the 
matrix while the Al-Cu-Mg intermetallics are less cathodically active than the matrix 
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thus supporting slow growth of coating [223]. Hence, the results from the authors 
indicate that Al-Fe-Cu-Mn intermetallics particles accelerate cathodic reaction of 
chromate-based conversion treatment but Al-Cu-Mg intermetallics inhibit the reaction. 
A similar study of the nucleation and growth of CCCs formed on AA2024-T3 was 
conducted by Brown and Kobayashi [224] using AFM, field-enhanced scanning 
electron microscopy (FE-SEM) and transmission electron microscopy (TEM). They 
observed that the growth of CCCs on Al-Cu-Mg intermetallic particles was sustained by 
anodic dissolution, while the coating growth on Al-Cu-Fe-Mn particles was enhanced 
by localised dissolution of copper-depleted zones at the periphery of Al-Cu-Fe-Mn 
intermetallic particles. The authors [224] also concluded that CCC formation and 
growth of on intermetallic particles strongly depend on the size, shape and composition 
intermetallic particles. This result is consistent with the observation by Hagans and 
Haas [34] for the CCC on intermetallic particles present in AA2024-T3 aluminium 
alloys. They observed that the surface of the alloys appear to oxidise in two discrete 
steps; the matrix rapidly oxidise followed by slower oxidation copper-rich and iron-rich 
intermetallics under chromating bath conditions. These authors [34] also proposed that 
ferricyanide interact with copper-rich particles to form Cu4Fe(CN)6 or Cu2Fe(CN)6 and 
that these compounds promote corrosion resistance by eliminating the galvanic couple 
that would otherwise form between the noble intermetallic particles and the matrix. 
McGovern et al. [36] investigated the CCC formation on bulk synthesised Al-Cu-Mg 
ingot and AA2024-T3 using Raman spectroscopy. They observed that the CCC 
formation on Al-Cu-Mg and Al-Cu-Fe-Mn intermetallics was suppressed compared to 
the matrix. They also found that the higher the Cu content in the intermetallic phases, 
the thinner the CCC formed due to passivation by adsorbed ferricyanide. When cathodic 
intermetallics such as Al3Fe, Al7Cu2Fe and θ-phase Al2Cu were coupled separately with  
AA1100, Juff et al. [35] observed that the coatings formed on the matrix were ten times 
thicker than that formed on the intermetallic phases and the coating formation increased 
linearly with immersion time. Vasquez et al. [225, 226] proposed a refined view of 
CCCs formed on AA2024-T3. They suggested that CCCs formed on AA2024-T3 are 
heterogeneous, with the thickness of coatings on θ- and S-phase intermetallic particles 
observed to be one-tenth that on the matrix. The thickness of the CCC on 
Al20Cu2(MnFe)3 intermetallics was found to be non-uniform compared with that formed 
on the matrix. The cyanide-enriched oxide films formed on the intermetallic particles 
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were different from those formed on the matrix, and Cr was depleted in the oxide 
formed on Copper-rich intermetallics.  
Baek and Frankel [227] investigated the effect of chromate on the cathodic corrosion 
rate of thin-film analogues of pure Al, Al-4%Cu, AA2024-T3 alloy, and Al2Cu 
intermetallics, with or without chromate using an electrochemical quartz crystal 
microbalance (EQCM). They suggested that the presence of chromate effectively 
decreases the net cathodic current densities on the more noble phases such as Cu and 
Al20Cu(MnFe)3. The presence of chromate was also observed to decrease the anodic 
reaction rate of Al2CuMg intermetallics. The minimised oxygen reduction reaction on 
the θ-phase Al2Cu and the Al-Cu-Fe-Mn phase by chromate species generates less 
hydroxyl ions, which attack the surrounding Al matrix and intermetallics and thus, 
suppresses further development of catalytic Cu on the alloy surface [227]. S-phase 
particles, which can provide a source for copper redistribution after it is dealloyed and 
thus generate more active cathodic sites for oxygen reduction reaction are anodically 
inhibited which further decreases the active sites for oxygen reduction [227]. These 
combined effects, according to Baek and Frankel [227] make chromate-based 
conversion coatings a very efficient oxygen reduction inhibitor and subsequently 
corrosion inhibitor for AA2024  aluminium alloys. 
2.4.6.4 Effect of alloying elements 
The corrosion protection provided by chromium-based conversion coatings on 
aluminium alloys can be influenced by many factors such as alloy composition, 
microstructure and enrichments of the alloying elements within the alloy. The 
microstructure and morphology of the surface of aluminium alloys is are factors that 
affect the nucleation, growth and protective properties of chromate conversion coatings. 
The investigation of CCC on aluminium alloys has been focused on the influence of the 
substrate microstructure on the nucleation and growth of the chromate conversion film.  
Liu et al. [228] studied the growth kinetics of chromate/fluoride conversion coatings on 
high purity aluminium, Al–2.3at.%Cu, Al–1.9at.%Au and Al–20at.%Au alloys. They 
found that the addition of copper and gold to aluminium reduces the kinetics of growth 
of the coating. In the case of gold, increased addition further slows coating development 
[228]. The results showed enrichments of copper and of gold developing in the alloy 
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beneath the coating. The reduced rate of growth of conversion coatings on the alloys 
may be due to thermodynamic and kinetic factors [228]. The enrichment of the copper 
in the alloy leads to a positive shift in the corrosion potential of Al–Cu alloys, which 
may indicate a shift in the equilibrium potential of the anodic reaction [228]. Such a 
shift, expected also for Al–Au alloys, during conversion treatment will reduce the 
thermodynamic driving force for coating formation that may reduce the kinetics of 
growth [228]. Enrichment of copper on the surface during pre-treatment and CCC 
processing plays a critical role in coating formation and performance of the treated 
substrate [203]. For the Al–1.9at.%Au alloy, gold is present as metal nanoparticles, 
rather than an ionic species. Although depending on the conditions at the alloy/coating 
interface, the possibility of direct incorporation of nanoparticles of copper can not be 
ruled out. These nanoparticles could present a physical barrier to ionic transport in the 
coating. However, the volume of particles in the coating is low, and the population 
density is probably too low to affect significantly the kinetics of coating growth [228]. 
For the Al–20at.%Au alloy, there is a much greater possibility of physical hindrance of 
ion transport in the coating, although pathways around particles still appear to be 
present [228]. Thus, the slower rate coating of the aluminium alloys, compared with that 
of the high-purity aluminium, suggests that the enrichment of the alloying element leads 
to the reduction in growth rate of coatings [228]. The presence of Cr(VI) species in the 
hydrated Cr(III) oxide of the coating material [218, 229] can be explained by transport 
of Cr(VI) species through the coating to sites of coating formation near the alloy. With 
thickening and possible ageing of the coating, the transport of Cr(VI) species is 
expected to slow, thereby reducing the rate of coating growth [228]. 
Chromate conversion coatings on Al–Cu and Al–Au alloys contain increased numbers 
of cathodic sites following achievement of the relevant maximum enrichments of the 
alloys [228]. Several possibilities may then arise: the particles may physically weaken 
the bonding of the coating to the substrate; enhanced reduction of chromate may 
generate new coating material at a relatively high rate within the existing coating, with 
stresses leading to detachment; hydrogen gas may be evolved with pressures 
mechanically disrupting the pre-existing and newly forming coating near the 
alloy/coating interface [228]. Such hydrogen gas evolution may explain the modified 
appearance of coating material formed at times after the initial detachment, with 
channels possibly then allowing release of gas to the solution without major disruption 
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of the coating [228]. Increased evolution of hydrogen may also slow down coating 
growth if the rate of reaction is under anodic control. 
In recent studies, the influence of alloy metallurgy in the formation of CCCs on 
aluminium has been addressed, particularly for the high-strength AA2024-T3 alloy. 
Waldrop and Kendig [223] studied the nucleation of chromate conversion coating using 
Al 2024-T3 alloy. They reported a significant difference in coating nucleation behaviour 
on the alloy matrix and on two distinct intermetallic phases. After a short immersion in 
a chromate bath, the film nucleation was reported to be faster on the Al-Cu–Fe–Mn 
particles than on the aluminium matrix, whereas that on the Al-Cu–Mg particles was 
considerably slower [223]. Other studies reported that the final coating thickness on the 
intermetallic particles was less than on the alloy matrix [36, 214].  
It appears that coating nucleation and growth on AA2024-T3 alloy is influenced 
strongly by the size, shape and composition of the intermetallic particles present as well 
as the composition of the neighbouring matrix region. In general, it is observed that the 
final coating thickness on Cu- and Fe-containing particles is significantly thinner than 
on the aluminium matrix [36, 208]. Brown and Kobayashi [224] revealed that initial 
stages of CCC growth on a clean and fresh AA2024-T3 alloy surface take place at 
coarse Al6(Cu,Fe,Mn) particles and over an outer lying matrix region surrounding the 
particles [224]. Coating growth was supported by anodic dissolution of aluminium from 
a copper-depleted matrix zone immediately adjacent to the particles [208]. Liu et al. 
[230] compared the formation of chromate/fluoride conversion coatings on solid-
solution binary Al-Cu alloys with that on commercial 2014-T6 alloys. They found that 
the initial growth of chromate/fluoride conversion coatings formed on solid-solution 
binary Al-Cu alloys develops with oxidation of aluminium only, while copper enriches 
in the alloy to the required level for its incorporation into the coating [230]. This leads 
to an associated loss of coating material, thus limited subsequent thickening of the 
coating. Conversion coating of commercial AA2014-T6 alloy was shown to result in 
regions of relatively thin and thick coating material which mainly reflect the local 
distributions of copper and the influence of copper on the development of the coating 
layer [230].  
Meng and Frankel [93] investigated the effect of copper content on chromate conversion 
coating protection of AA7xxx-T6 aluminium alloys. They found that each CCC-treated 
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AA7xxx-T6 alloy exhibits only one breakdown potential, which is slightly higher than 
the second breakdown potential for the bare (untreated) alloy [93]. They concluded that 
alloyed copper has different effects on CCC protection: copper is beneficial to CCC 
protection for coating formed on polished AA7xxx-T6 alloy, but copper is detrimental if 
it is enriched on the surface prior to CCC formation [93]. 
2.4.7 Zirconium-based conversion coatings 
The heavy restrictions on the use and disposal of chromate containing conversion 
coating have led to an exhaustive search to find suitable replacements [98]. Several 
alternative conversion coatings (often called chromium-free conversion coatings) 
processes which can be used to provide improved corrosion protection of aluminium 
alloys have been developed. One of these alternatives is surface treatment based on 
group IV-A fluorides. Among these alternative conversion coatings developed so far, 
only those based on zirconium salts gain wide acceptance [231]. Zirconium-based 
conversion coatings improve corrosion protection and paint adhesion of aluminium 
alloys. The corrosion resistance of these coatings is not considered to match that of 
chromate conversion coatings [35]. However, they have not been tested over the wide 
range of environments in which chromate conversion coatings have proved effective 
[51].  
2.4.7.1 Mechanism of film formation  
Zirconium-based conversion coating on aluminium alloys is generated by the reaction 
of the alloy substrate with a zirconium-based bath. Film formation occurs by interaction 
of the fluorozirconate with hydroxides at the surface of the metal substrate. Zirconium-
based conversion coating is assumed to form by the precipitation of zirconium oxide 
due to an increase in pH (hydrogen evolution at cathodic sites leads to a local increase 
in pH) of the bath solution at the metal oxide/liquid interface. The solubility of the 
coating compound decreases when the pH increases, resulting in precipitation of coating 
material.  
One of the first zirconium-based conversion baths contained boric acid, a source of 
fluoride, a source of zirconium, and nitric acid for pH adjustment. A typical example 
contains [51]: 
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 0.4 g/l K2ZrF6 
 5.0g/l H2BO3 
 10.0g/l KNO3 
 0.4ml HNO3 (4N) 
The solution is used at a pH of 3-5 and at a temperature of 50-650C [51].  According to 
Deck et al. [232], treatments must be applied at pH values less than approximately 4.5 
because of insufficient solubility in less acid environments. Formulations can be applied 
by conventional techniques (rinse, immersion or spray) or by non-rinse processes [51]. 
An important criterion for no-rinse formulations is that they do not leave water soluble 
salts in the conversion film following reaction with aluminium surface [51]. Non-rinse 
versions of the zirconium-based conversion coating are similar to the rinse 
formulations, but often result in the deposition of thicker films on the metal surface 
[51]. Non-rinse applications give films of a generally uniform composition throughout 
the full film thickness [51] apart from some concentration of the polymeric species in 
the surface regions of the film [51]. Film formation occurs through interaction of 
fluorozirconate with hydroxides in the surface of the metal substrate. Some replacement 
of oxides with fluorides in surface regions of the film also occurs, but the majority of 
the film analyses as a mixture of zirconium and aluminium oxyfluorides [51]. The 
literature showed that the double-layered coating films formed by immersion processes 
(rinsed) are not being found in films deposited by no-rinse processes. Clearly, the 
coating does not develop in a similar manner to Cr2O3 or CrPO4 coating since ZrO2 type 
material can only be produced by interfacial pH changes [35].  
Zirconium-based conversion coatings based on ammonium zirconium carbonates can 
give effective coating performance on aluminium alloys. Such formulations also contain 
polyacrylic esters or salts, and can be applied by spray, immersion or flow coating 
contacting methods. The coating can also be used to enhance the corrosion performance 
of conventional chromate and phosphate processes [51]. Because of their high 
formability, conversion films formed using this formulation can show good coating 
adhesion.  
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2.4.7.2 Film composition and structures 
Zirconium, aluminium, oxygen and fluorine are the main constituents of the conversion 
film, with zirconium accounting for about 36% of the total weight [51]. It has been 
considered that zirconium species are bonded to the hydrated aluminium film covering 
the aluminium surface [51]. From in-depth elemental profiles through the resultant film, 
the film has been considered to be multi-layered, with Al2O3 adjacent to the aluminium 
surface, a Zr/O/F containing outer layer and ZrO2 sandwiched between the previous 
layers. The literature reveals that zirconium is always present in its dioxide form ZrO2, 
and some hydroxy-oxide or hydroxyfluoride may also be present depending on the 
composition of the conversion bath [233]. Recently, Survilience et al. [234] studied the 
effect of ZrO2 particles added to Cr(VI) bath on the corrosion properties of chromium-
based conversion coatings, they observed that ZrO2 particles enhance the corrosion 
resistance of chromium coating.  
Schram et al. [231] studied the composition of a commercial zirconium-based 
conversion coating (Alodine 4830/4831) which contains mainly a fluorinated zirconium 
salt and a water soluble polymer. They reported a two-layered structure for zirconium-
based conversion coating, in which the inner region (close to the metal interface) 
contains only Al and O, while the outer region (closer to the outer surface) contains a 
fluorinated zirconium compound as well as a polymeric compound. They also 
concluded that the thickness of the conversion layer formed on AA1050 aluminium 
alloy was nearly independent of the conversion time.  
In order to characterise the microstructure and chemical composition of zirconium-
titanium based conversion coating, Nordlien et al. [199], studied the formation 
mechanism of these films on AA6060 using a commercial Alodine 2840 bath. They 
reported preferential nucleation of the zirconium-titanium oxide films due to its growth 
on and around intermetallic particles and this resulted in reduced cathodic activity of the 
particle. Thus, passivation of the cathodes in this manner constituted a limitation in the 
formation of a good quality conversion layer [199].  
While a few investigations [51, 199, 235] have been carried out on the formation of 
zirconium-titanium conversion coatings, limited information is available in the 
accessible literatures regarding zirconium-based conversion coatings. Further 
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investigation needs to be carried to investigate the mechanism of inhibition; effect of 
copper-rich and iron-rich intermetallics; and the effect of alloy composition on the 
formation and protection of zirconium-based conversion coating as a possible 
alternative to chromium-based conversion coatings.  
2.4.8 Other non-chromate conversion coatings 
Hexavalent-chromium-based conversion coating systems have been used for over 60 
years, providing excellent corrosion resistance and paint adhesion characteristics when 
used with aluminium and its alloys [214]. Hence, chromium-based conversion coatings 
have been the standard against which other conversion coatings have been judged. Any 
replacement coating process must be designed to duplicate these characteristics as 
closely as possible. Thus, alternative processes for chromate conversion coatings on 
aluminium alloy surfaces represent a research challenge for environmental reasons. The 
hexavalent chromium present in several coating systems is known to be carcinogenic 
and environmentally hazardous [236]. This is the reason why the development, testing 
and usage of chromate-free conversion coating systems are increasing. Presently, CCC 
remains an essential component in effective corrosion protection systems on aluminium 
alloys [210] for many applications. In order for candidate non-chromate conversion 
coatings to gain attention as viable candidates for many applications, they must meet the 
performance characteristic of CCC and must be environmentally friendly. Alternative 
processes have been developed, giving rise to the following chromium-free conversion 
coating processes; 
 Zirconium-based conversion coating 
 Titanium-based conversion coating 
 Permanganate conversion coating 
 Cobalt-based conversion coating 
 Cerium-based conversion  
 Ammonium-zirconium carbonate conversion coating 
 Lithium-based conversion coating 
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Zirconium-based conversion coating has been discussed in the preceding section. 
Attention is now given to other non-chromate conversion coating systems.  
2.4.8.1 Titanium-based conversion coatings 
Recent studies into non-chromate conversion coatings have identified several potential 
bath chemistries that might replace conventional chromate-based baths. Titanium-based 
conversion coatings are gaining increased acceptance as viable alternatives to chromate 
conversion coatings with several studies having been carried out on these coatings. 
Some studies reported that, for no-rinse treatments prepared from hexafluorotitanic acid, 
H2TiF6, a steady increase in the pitting potential is seen during immersion in 5 g l−1 or 
35 g l−1 NaCl solutions, with an increasing separation between pitting potential and 
corrosion potential over time (indicating a decreasing tendency to pitting) [237]. 
Furthermore, much lower corrosion rates were found compared with the bare as-cleaned 
alloy. In order to improve the characteristics of such films, various polymers have been 
added to the treatment in order to provide chrome-equivalent corrosion protection and to 
facilitate the adhesion of paint [232]. 
Several studies have focused on the properties and effect of coatings incorporating 
tannic acid (TA) and polyacrylic acid (PAA) in the bath formulations. Smit et al. [237] 
used polarisation curves to assess the effect of organic additives on the performance of 
titanium-based conversion coatings. They found that when either tannic acid or 
poly(acrylic acid) was incorporated into no-rinse conversion coatings based on H2TiF6, 
they performed better than coatings without inhibitor on first exposure, giving higher 
pitting potentials and lower corrosion currents. However, longer exposure led to a 
deterioration in performance [237]; eventually, protection was worse than for coatings 
without organic additives as shown by the lower pitting potential, decreased separation 
between pitting and corrosion potential, and higher corrosion currents, than coatings 
from H2TiF6 alone [237]. Several authors have suggested that dissolution of the organic 
components occurs from such coatings during immersion [238-240] and this may be 
responsible for deterioration in performance. At short immersion times, coatings of 
PAA or TA provide improved anodic inhibition to either bare alloy or simple coatings 
of H2TiF6 alone, as shown by the decreased anodic currents and increased corrosion 
potential.   
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Acidic and alkaline titanium-based formulations have been developed for immersion or 
solution pretreatment [51]. Alkaline solution (pH between 11.5 and 13.5) contains 
titanium ions and a complexing agent. After rinsing, the conversion film formed is 
treated in an acid solution containing tannin or tannic acid [51]. Most acidic titanium-
based formulations are based on hexafluorotitanic acid and may also contain tannin or 
tannic acid as well as organic acids, polymers and other metal oxides. Many titanium-
based bath formulations are similar to zirconium-based conversion coating 
formulations, apart from the replacement of fluorozirconate (ZrF62-) by fluorotitanates 
(TiF62-). 
The performance of several titanium-based conversion coatings has been studied by 
Fedrizzi et al. [241]. They reported that fluorotitanate or fluorozirconate coatings can 
give similar performance to conventional chromate-based treatments, when used as pre-
treatment for an organic coating. Smit et al. [242] studied the performance and 
characteristics of a no-rinse titanium-based conversion coating on AA3003 aluminium 
alloy. They concluded that the application of a H2TiF6 based conversion coating to 
AA3003 aluminium alloy improves the anodic inhibition of the alloy and reduces the 
corrosion current density [242]. 
High resolution XPS studies of films formed by fluorotitanate formulations suggest that 
the overall film forming reaction is [2]: 
H2TiF6 + 2Al2O3 → 4AlOF + TiOF2 + H2O      (2.24) 
A combination of XPS, Auger depth profiles and chemical analysis suggests that the 
surface region of the film comprises [2]: 
4AlOF.TiOF2.H2O         (2.25) 
The composition of the majority of the film is given by the following: 
Al2O3.4AlOF.TiOF2.H2O        (2.26) 
2.4.8.2 Permanganate conversion coating 
Passing across the third row of transition metals, from left to right, there is much 
similarity between the elements in terms of their chemical and physical characteristics, 
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until iron is reached [214]. Thus, the conversion coatings produced by hexavalent 
chromium compounds are, as expected, similar to those produced by heptavalent 
manganese [214] found in permanganate conversion coating. Similar to the chemistry of 
hexavalent chromium compounds, the heptavalent-manganese-based conversion coating 
contains a blend of manganese of various oxidation states and aluminium oxides. 
Higher oxidation state manganese oxides are reduced to a lower oxidation state, as 
necessary, in order to prevent oxidation of the aluminium, just as higher-oxidation-state 
chromium oxides are reduced in the hexavalent conversion coating system [214]. 
Permanganate conversion coating formulations give a yellow-gold colour, which is 
similar to that of the chromium conversion coating system. The main difference 
between the two conversion coating systems is that hexavalent chromium conversion 
coating system produces a protective inorganic polymer, unlike the heptavalent 
manganese-based system. This reduces the protective properties of the permanganate 
conversion coating. Unlike chromate conversion coatings, permanganate films do not 
lose their corrosion resistance when heated above 650C [51].  
Permanganate conversion coating is generated in a five-step process, involving a 
solvent clean, alkaline clean, rinse, treatment in permanganate solution, and a final 
rinse. The conversion bath is acidic (pH 2.5-4.0) and contains aluminium nitrate 
(Al[NO3]3) and potassium permanganate (KMnO4). The preferred operating temperature 
is between 600C and 650C and the selected deoxidizer is nitric acid/bromate 
(HNO3/BrO3-)-based [214]. The primary component of most pre-treatment formulations 
are potassium and sodium permanganate [51]. Because of their non-toxicity, 
permanganate-based formulations do not present the effluent disposal and handling 
problems associated with hexavalent chromium treatments.  
Danilidis et al. [243], examined the properties of manganese-based conversion treatment 
on an Al-Mn alloy. They found that conversion coating formed a uniform, dense, thin 
(15-20 nm), and well-adhering layer on the metal substrate. They further concluded that 
the manganese-based conversion coating in many respects resembles that of chromium-
based films [243]. Hamdy and Beccaria [244] investigated the effect of permanganate 
treatment on the corrosion behaviour of aluminium composites under different 
conditions. They showed that permanganate treatment improves the corrosion 
protection of aluminium composites in NaCl solution by forming a compact passive 
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film of manganese oxides over the aluminium oxide layer [244]. The corrosion 
protection obtained after 3 hours of treatment at neutral pH is better than that obtained 
at pH 8 [244]. Furthermore, they concluded that the surface of manganese oxide layer 
has a dual effect on the corrosion inhibition of aluminium composites. Due to the 
‘basic’ electron donor properties of Mn ions, they inhibit the adsorption of chloride ions 
and, owing to their buffer action, the local acidic sites were reduced; hence, the 
resistance to localised corrosion was increased [244]. 
2.4.8.3 Cobalt-based conversion coating 
Cobalt-based conversion coatings have been developed primarily for the aircraft 
industry as possible replacements for chromate-based formulations [51]. This coating 
process is currently finding application in the marine and automotive industries. The 
conversion coating contains a trivalent or tetravalent cobalt/valence stabiliser complex. 
The coating formulations are prepared by dissolution of Co(III) salts and a metal acetate 
(e.g. Na, Mg or Ca acetate) to form a solution of cobalt (III) hexacarboxylate complex 
[51]. Bath formulations based on cobalt acetate give the best overall performance, but 
the best paint performance is obtained using cobalt nitrate [51]. Conversion coating can 
be applied on aluminium surfaces by immersion, hand or spray processes. Other 
variations to cobalt-based processes, claimed to be commercially practicable for the 
aircraft industry, involve contacting the metal surface with an aqueous solution prepared 
by reacting [51]:  
 A cobalt (II) salt 
 An ammonium salt 
 One or more complexing agents selected from a soluble metal carboxylate, a 
soluble metal nitrile or ammonia 
 A water soluble amine 
 An oxidising agent 
Hughes et al. [245] examined the development of the deoxidation, cobalt-containing 
conversion coating and sealing steps on AA2024-T3 alloy and AA7075-T6 alloy. This 
resulted in the growth of an open porous oxide structure over the matrix of the alloy. 
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They found that increasing immersion time resulted in an increase in thickness of 
conversion layer but little change in the composition of the coating.  
The main component of the coating formed in all cases is aluminium oxide, but they 
also contain a mixture of cobalt oxides: CoO, Co2O3 and Co3O4 [51]. Aluminium oxide 
is the main component at the interface between the film and metal substrate, while 
Co2O3 and Co3O4 are concentrated at the surface of the film, and the centre regions 
contains a mixture of all four oxides [51]. 
2.4.8.4 Cerium-based conversion coatings 
Lanthanides ions, such as Ce3+, Y3+, La3+, Pr3+ and Nd3+, form insoluble hydroxides, 
have a low toxicity and their ingestion or inhalation is not considered harmful to health 
[246, 247]. Hence, some of the most promising chromate replacement conversion 
coatings are derived from these rare-earth elements, particularly cerium (Ce), which is 
relatively abundant in nature and offers the best degree of inhibition due to the 
formation of a compact film of cerium oxide and hydroxides. Corrosion protective film 
can be simply formed by immersion of an aluminium alloy in a solution containing 100-
1000 ppm cerium chloride [51]. Two different theories, based on XPS studies [248, 
249], were postulated to explain the formation of a mixed Ce(III)/Ce(IV) hydrated oxide 
in the presence of oxygen. The first theory asserts that local increase of pH caused by 
the oxygen reduction reaction enables the precipitation of solid Ce(III) hydroxide, 
which finally oxidises to hydrated CeO2 [250, 251]. Conversely, Aldykiewicz et al. 
[252] proposed that the first step of film formation involves the oxidation of Ce(III) to 
Ce(IV) in solution, which can in turn, precipitate as insoluble CeO2 due to a local pH 
increase as a result of the cathodic oxygen reduction.  
Many studies have been undertaken on the mechanism of inhibition of cerium 
conversion coatings deposited on copper-containing aluminium alloys in aqueous 
solutions containing cerium salts. Aldykiewicz, et al. [252] suggested that the inhibition 
of the aluminium alloys is achieved by deposition of a cerium-rich film on the copper-
containing intermetallics which blocks the cathodic reduction of oxygen at these sites.  
Inhibition of corrosion by cerium is also believed to involve decreasing the rate of 
cathodic oxygen (O2) reduction by precipitation of Ce(III) hydroxide (Ce[OH]3) at 
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regions of high pH [51, 253]. This mechanism requires the activation across the metal 
surface of many electrochemical cells associated with microscopic features such as 
grain boundaries, precipitates, constituent phases and inclusion, or submicroscopic 
features such as flaws in existing naturally occurring oxide films [249]. The cathodic 
processes generate alkaline conditions close to the metal surface [249]. These conditions 
lead to localised precipitation of an hydrated cerium oxide and the formation of the film.  
Film formation can be accelerated by cathodic treatment in cerium chloride or cerious 
nitrate dissolved in butoxyethanol, but the film formed provides reduced corrosion 
inhibition to the aluminium substrate [51].  
However, it is worth mentioning that in spite of the simplicity of the process involved in 
the formation of cerium-based conversion coatings on aluminium alloys, it is 
commercially unattractive due to the long duration of time required for the conversion 
treatment. A first attempt to reduce the duration of treatment was based on 
galvanostatically polarising the aluminium surface in aqueous CeCl3 bath [247] or in a 
solution of cerium salts in organic solvents. However, the necessity of high direct 
current (DC) potentials in tandem with a volatile organic solvent makes the industrial 
application of this method difficult [247]. A conversion coating based on the use of 
aqueous solutions of CeCl3 and hydrogen peroxide was later developed to produce 
passivating films in much shorter time [209, 254] on aluminium alloys by increasing the 
temperature of the cerium-based bath. Mansfeld et al. [255, 256] proposed the 
immersion in boiling aqueous cerium salts solutions in combination with an anodic 
treatment in 0.1 M Na2MoO4, however, the industrial application of this process is 
complicated by both the use of the boiling bath as well as the additional cost from the 
anodic step. Wilson and Hinton [257] developed and patented a less complicated 
method involving the addition of hydrogen peroxide (H2O2) to cerium chloride bath to 
form a cerium oxide/hydroxide film on Al-Cu alloys in a very short time (approximately 
10 min). The acceleration effect of H2O2 may simply be related to the rapid increase in 
pH caused by its reduction that favours the precipitation of cerium oxide/hydroxide 
[247]. Hydrogen peroxide also enhances the oxidation of Ce(III) to Ce(IV) ions in 
solution and this results in an hydroxide film containing cerium mainly in the 4-valent 
state, as observed by XPS studies [247, 254].  
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For copper-containing alloys, AA2024-T3 and AA7075-T6, improved corrosion 
performance is achieved by electrochemically removing surface copper-containing 
intermetallics prior to processing [51]. From the XPS results obtained, the mechanism 
of cerium-based conversion coating formation can be speculated. The H2O2 is the 
oxidizing agent, while Ce(III) is a reducing agent. Ce(III) is oxidised to Ce(IV) and 
Ce(IV) is stable in the solution, thus changing the solution from colourless to yellow.  
Anodic dissolution occurs at different locations according to: 
Al → Al3+ + 3e-         (2.27) 
While, at the cathode, hydrogen evolution or reduction of peroxide and oxygen in the 
solution according to: 
2H+ + 2e-→ H2         (2.28) 
H2O2 + 2H+ + 2e- → 2H2O        (2.29) 
O2 + 4H+ + 4e- → 2H2O        (2.30) 
Wang et al. [258], used electrochemical methods and immersion tests to study the 
kinetics of the cerium chemical conversion coating formation and their corrosion 
resistance in 3.5% sodium chloride (NaCl) solution on aluminium alloy AA2024-T3. 
They suggested that a simple cerium conversion coating process for AA2024-T3 alloy 
involved immersing the alloy in a solution containing 10 g/l CeCl3.7H2O, 40 ml/l H2O2 
(30 wt%), and 2 g/l ZnCl2 at room temperature for 6-10 minutes , keeping the pH of the 
solution at 3. They found that the conversion coatings were composed of spherical 
particles which contain higher contents of oxygen and cerium than other sites [258]. 
The ZnCl2 effectively accelerated the rate of coating formation, thus shortening the 
treatment time [258]. 
2.4.9 Health considerations    
The use of chemical conversion coatings on aluminium alloys to achieve long-term 
corrosion resistance as well as the base for application of organic materials (particularly 
paints and lacquers) has found widespread applications. The use of chemical conversion 
coatings that do not contain harmful chemicals that can endanger human health and 
pollute the environment is of particular interest to the Federal Environmental Agencies, 
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aerospace and transport industries. At the core of the problem is the demonstration of 
human health effects associated with exposure to hexavalent chromium [259]. Since 
hexavalent chromium is a human carcinogen, concern exists not only about workplace 
exposure at high level, but also environmental exposure at much lower levels [259]. 
Hexavalent chromium or chromate is currently the most effective way to inhibit 
corrosion of aluminium alloys [98]. The Environmental Protection Agency (EPA) is the 
main regulator of chromate uses and emissions through several different acts including 
the Clean Water Act, the Comprehensive Environmental Response, Compensation and 
Liability Act (CRCLA) and Toxic Substances Control Act (TSCA) [260]. National 
emission standards for hazardous air pollutants (NESHAP) were proposed for 
chromium along with 188 other hazardous air pollutants (HAP) listed in the Clean Air 
Act [98].  Unfortunately, the same properties that make Cr6+ a superior corrosion 
inhibitor are also responsible for it being environmentally unsafe. It is the strong 
oxidation properties of chromates that have brought much scrutiny concerning their use 
[98]. It appears that Cr6+ does not intimately react with human DNA, but instead goes 
through a reduction to Cr5+ which is responsible for the DNA damage (mutation in 
bacteria and transformation of mammalian cells ) [261]. Chromate exposure is primarily 
through inhalation, ingestion and through skin contact. The most common effect of 
exposure to chromate is lung cancer, but the toxicological effects are not limited to 
cancer alone [260]. Although there is speculation that eventually chromates will be 
completely banned from use, the current legislative trend is following the same path as 
volatile organic compounds (VOCs) [98] in the sense that they are reduced significantly 
but not totally eradicated. 
The economic and environmental burden of using chromates has drastically affected the 
aerospace industry due to its dependence on the use of aluminium based alloys in 
manufacturing aircrafts [98]. Environmentally, the industry must deal with lower limits 
of exposure to workers as well as controlled release and clean-up of by-products an 
waste generated by its use [98]. This concern has produced a cascade of consequences, 
including [259]: 
 Increased liability for claims of workplace and environmental exposure 
 Increased cost for tracking inventories, monitoring emissions, reporting usage of 
chromium compounds, and disposal of solid waste containing chromium  
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  More stringent disposal limits for discharges of dissolved chromium in 
wastewater. 
Therefore, environmentally acceptable alternatives for chromate-containing conversion 
coatings that exhibit the same corrosion resistance as chromate coatings are needed.  
2.4.10 Introduction to present work 
Due to the current push to replace chromium-based conversion coatings, special 
attention has been paid to alternative, so-called chromium-free conversion coatings, 
which are more environmentally-friendly than hexavalent chromate conversion 
coatings. A vast variety of coating bath exists accompanied by pre-treatment and post 
treatment processes. Some of these alternative coating chemistries have been reported to 
have good corrosion resistance, but the processes either have too many steps or involve 
high temperature steam or boiling water, which makes them expensive and sometimes 
impractical for industrial applications.  
Zirconium-based conversion coating is one of the possible candidates that might be able 
to replace hexavalent chromate-based conversion coatings. In order to ultimately 
achieve a chromate-free corrosion inhibitor, it very important to gain a complete 
understanding of zirconium-based conversion coating interaction and protection 
mechanisms of aluminium alloys and its constituent particles. This type of conversion 
coating system is a comparatively recent development compared to chromium-based 
conversion coatings and limited information is available in accessible literatures about 
its morphology, composition, mechanism of inhibition and other characteristics. Hence, 
a great deal still needs to be learned about the coating formation and degree of 
protection provided by zirconium-based baths on different aluminium alloy systems, 
particularly copper-containing aluminium alloy, which is one of the most widely used 
high strength aluminium-based alloys in aircraft and it provides a ready source for Cu-
containing inclusions in the protective oxide surface film. Therefore, the present 
extensive use of this alloy and similar aluminium alloys with relatively high Cu content 
should have serious consequences for the integrity of aircraft structural materials, when 
the operational service life of aircraft is extended far beyond its design life.  
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The primary goal of this research effort was to develop, characterise and evaluate 
conversion coatings based on zirconium bath formulations as a substitute for chromate 
systems. An additional objective is to investigate some of the more fundamental aspects 
of the phenomena involved in the formation of zirconium-based protective films on 
aluminium and copper-containing aluminium alloys. In order to gain full insight into the 
effects of copper on Al-Cu solid solution alloys, the present work displays an overview 
of the results recently obtained relating to the effect of copper alloying element on the 
zirconium conversion coating of aluminium-copper alloys. The growth of zirconium-
based conversion coatings on magnetron sputtered superpure aluminium and a range of 
binary aluminium-copper alloys of a variation of  %Cu composition were examined as a 
function of immersion time in the aqueous bath. The use of sputtering-deposited 
metastable alloys, free from significant amounts of second phase, allows relatively 
precise measurement of thickness changes of the deposit due to growth of the coating, 
by transmission electron microscopy [228]. By combining the information obtained 
from several analytical approaches, it is intended to develop a comprehensive and 
consistent model accounting for the effect of solid solution alloying elements on the 
behaviour of binary Al-Cu alloys in zirconium-based conversion coating bath. 
In order to understand the electrochemical behaviour and influence of the conversion 
bath on the protection of aluminium and copper-containing aluminium alloys, the 
corrosion behaviour of the specimens was studied in sodium chloride electrolyte 
following conversion coating, to investigate in more detail the mechanisms affecting 
corrosion inhibition under these conditions. A suite of aluminium and Al-Cu alloys 
specimens, all of which had been immersed for selected times in zirconium-based 
conversion coatings followed by salt spray testing of selected specimens were also 
investigated. For a complete understanding of the inhibition action from zirconates, 
inhibition must be viewed through the prism of electrochemical differences between the 
matrix and constituent particles. The goal is that zirconium-based conversion coatings, 
tailored and maximised for specific environments may be able to provide comparable 
inhibition as chromium-based conversion coatings over narrow but acceptable 
environmental windows. 
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Figure 2.1 Crystalline structure of aluminium, showing (a) face-centred cubic structure 
and (b) orientation of crystal 
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Figure 2.2 The corundum structure [62]       -aluminium;      -oxygen 
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Figure 2.3 The Pourbaix diagram for aluminium with an hydragillite (Al2O3.3H2O) film 
at 250C (www.olwnet.rice.edu/) 
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CHAPTER 3 
3 EXPERIMENTAL PROCEDURE 
3.1 Introduction 
The surface of a solid in contact with a liquid or gaseous phase usually differs 
substantially from the interior of the solid both in chemical composition and physical 
properties [262]. Characterisation of the surface properties of aluminium and its alloys 
is often vital in corrosion, and in adhesion mechanisms. Successful application of 
various aluminium alloys often requires surface treatment and finishing for cleaning, 
brightening, wear and corrosion resistance. The details of the materials used in this 
research, including specimen and solution preparation, the experimental approaches 
including electrochemical measurements are presented in this chapter. This section also 
deals with surface preparation and analytical techniques employed in characterising 
aluminium alloy surfaces. 
3.2 Specimen Description 
The base material used for this study is superpure aluminium. The main impurities and 
their percentages are iron (0.004 wt%), copper (0.002 wt%) and silicon (0.003 wt%). 
Specimens of superpure aluminium (99.99%) in the form of coupons, of dimensions 3.5 
cm × 1.7cm, were cut from high purity aluminium sheet of 0.6 mm thickness to provide 
substrates for sputter deposition and subsequent coatings. Some copper-containing 
aluminium alloys, deposited by magnetron sputtering, were employed. The materials 
were deposited using an Atom Tech Limited magnetron sputtering system, with 99.99% 
Al and 99.99% Cu targets. Materials were deposited on to electropolished superpure 
aluminium substrates that were attached to a rotating copper table, the temperature of 
which remained below 308 K.  
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3.3 Specimen Preparation  
As with all pre-treatment systems, the most important aspect is proper cleaning and 
deoxidisation prior to application of the conversion coating [198]. Residues of oil, 
grease, marking inks, cutting oils and loose dirt will seriously affect the formation of 
conversion coatings. Hence, all the metal coupons need to be degreased in acetone in 
order to remove these contaminants before electropolishing. 
3.3.1 Cleaning 
Many coating failures can be attributed to poor metal surface preparation. Thus, a 
crucial requisite for proper coating formation is a clean metal substrate, free from 
contaminants such as oils, greases, waxes, corrosion products and other particles that 
soil the metal substrates. An ideal cleaning agent is one which is capable of removing 
all the contaminants from the metal surface, and thwarts their redeposition or the 
formation of other detrimental reaction products.  
Prior to electropolishing, the surface of the specimens were degreased by rubbing with 
cotton wool soaked with acetone, followed by rinsing with acetone. Subsequently, the 
specimens were thoroughly rinsed in deionised water to prevent the dragout of the 
chemical (acetone) used in cleaning, which may contaminate the subsequent stages. 
After the rinsing step, the specimens were then dried in a cool air stream. 
3.3.2 Electropolishing 
Electropolishing is an electrochemical process which involves the application of a direct 
current (dc) voltage or current to an electrolytic cell in order to promote anodic 
dissolution in suitable electrolyte. In electropolishing, the metal part is immersed in a 
temperature controlled bath of electrolyte and subjected to direct current. The metal 
coupon is made the anode (+) [263] by connecting it to the positive terminal (anode) of 
a direct current (dc) power supply. The negative terminal is attached to a cathode to 
which the surface materials removed from the anode are attracted when electric current 
is applied. Often, the size, position and distance of the cathode to the metal coupon 
(anode) are controlled during the process in order to achieve the desired level of polish. 
The surface material is removed by anodic dissolution when a dc current is applied. 
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Removal of the surface material begins at high points within the microscopic surface 
texture. The current density is greater at the high points and reduced at the low points. 
The rate of the electropolishing reaction is directly proportional to the current density. 
The increased current density at the high points forces the metal to dissolve faster at 
these points and thus tends to level the surface material. By removing these points, the 
electropolishing process improves the surface finish, thus leaving a smoother and more 
reflective surface. This process improves the near surface chemistry of the material, and 
promotes the formation of an improved corrosion resistant surface layer.  After the 
electropolishing treatment, the metal coupon is passed through a series of steps to 
neutralise, rinse, clean and dry the surfaces. Adequate rinsing after electropolishing is 
essential to avoid stains [51].   
The controlling operating parameters include the following [51]: 
 Applied voltage 
 Temperature 
 Solubility of aluminium oxide in the solution 
 Oxidising power of the solution 
Caicedo-Martinez et al. [264] studied the surface nanotextures on aluminium with 
particular interest in the influence of residual elements (Cu, Fe, Si) present in 
aluminium, and the additional effects of a deliberate alloying addition of manganese. 
They concluded that substrate composition does not influence cell size as a result of 
electropolishing. However, grain-orientation-dependent features persist.  
In the present study, spade electrodes, of dimensions 35 × 17 mm, were prepared by 
cutting the superpure aluminium sheet using a guillotine. The resulting rectangular-
shaped specimens were connected to aluminium rods (200 mm length × 3 mm diameter) 
using crocodile clips. The superpure aluminium spade electrodes were immersed in 20 
vol. % perchloric acid in ethanol at a constant voltage of 20 V for 3 minutes and at 
temperature of 50C or less. The electropolishing cell was immersed in an ice bath in 
order to maintain the temperature of the electropolishing solution at the required 
temperature of 50C. Immediately after electropolishing, the specimens were rinsed in 
ethanol for 30 s, then in deionised water for 30 s, and finally dried in a cool air stream. 
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Thus, a microscopically and highly reflective surface is produced, suitable for sputter 
deposition. After electropolishing, the specimens were stored in a desiccator over silica 
gel. 
3.3.3 Sputtering and sputter deposition 
The deposition of the metal layer (Al-Al or Al-Cu) was realised using a magnetron 
sputter device with a DC sputter source on a laboratory scale. The sputtered metal film 
was deposited on the surface of the electropolished specimens while they are rotated in 
the centre of the two targets. The system was evacuated to 2 × 10− 7 mbar, with 
sputtering then carried out at 5.5 × 10− 3 mbar. The substrate is enclosed in a vacuum 
and placed directly in the path of the neutral atoms. The neutral species collide with gas 
atoms, causing the material to strike the substrate from different directions with a 
variety of energies. As atoms adhere to the aluminium substrate, a film is formed. The 
resultant deposits are relatively thin.  
In the present study, two series of experiments were conducted. In the first series of 
sputter deposition, the target used was metallic aluminium of 99.99% purity while, all 
Al-Cu films were deposited with a dc magnetron sputtering system using a circular 
aluminium and copper target of 99.99% purity respectively. The target to substrate 
distance was 1 cm or more depending on the desired copper concentration. The 
substrates for the deposition were 3.5 × 1.7 cm aluminium coupons, which had been 
electropolished prior to sputter deposition. The sputtering deposition was carried out in 
high purity argon (Ar) gas (99.998%).  Al films were sputtered from two aluminium 
(99.99%) targets in high purity argon (99.999%) – nitrogen (99.999%) atmosphere. 
After sputter deposition, the working areas of the specimens were defined by lacquer 45 
[228] and then stored in the desiccator.  
3.3.4 Electrode preparation 
Spade electrodes of superpure aluminium and binary Al-Cu alloys were prepared from 
individual rectangular-shaped specimens of dimension 35 mm × 17 mm. The individual 
surfaces of the rectangular-shaped superpure aluminium were degreased, 
electropolished, after which, Al or Al-Cu films were deposited on the surface. After the 
individual specimens were surface treated and immersed in the conversion bath 
107 
 
solution, each specimen was then attached to an aluminium rod (200 mm length × 3 mm 
diameter) by cutting a notch, approximately 5 mm deep, at one end of the aluminium 
rod. In order to maintain a good connection between the specimens and the aluminium 
rod, the diameter of the notch was made narrower compared with the thickness of the 
specimens. Hence, in the present study, the specimens were gripped by the aluminium 
rods with the aid of pliers in order to ensure a relatively low resistance between the 
specimen and the rod. Heat-shrink polyolefin tubing, which fitted tightly to each 
specimen, was used to sheath the aluminium rods. The resultant spade electrodes were 
then covered with resin and beeswax (1:3 wt/wt), leaving an exposed working area of 
approximately 1 cm2.  
3.4 Solution Preparation 
Solutions and electrolytes for all experiments were prepared with deionised water using 
analytical reagent grade chemicals. The aqueous solutions used for the zirconium-based 
conversion coating process contained 0.0014 M H2ZrF6, 5 g/l H2BO3, 10 g/l KNO3 and 
approximately 0.4 ml HNO3[4N].  
For electrochemical tests and polarisation studies, the testing electrolyte was 3.5 wt.% 
NaCl solution. 
3.5 Zirconium-based Conversion Treatment 
The conversion treatment was performed on superpure aluminium and model copper-
containing aluminium alloy (Al-1.0at.%Cu, Al-5.0at.%Cu, Al-10at.%Cu and Al-
30at.%Cu) formed by magnetron sputtering. The conversion treatment was performed at 
room temperature by dipping the sputter-deposited metal coupons (35 × 17 mm) in a 
zirconium bath containing 0.0014 M H2ZrF6, 5 g/l H2BO3, 10 g/l KNO3 and 0.4 ml 
HNO3[4N]. The temperature and pH of the conversion bath were kept at 550C and 2.6 
respectively. Specimens were treated for different times (0, 30, 60, 180, 300 and 600 s) 
in order to investigate how the formation and characteristic of zirconium-based 
conversion coatings are influenced by immersion time. The specimens were rinsed 
thoroughly with deionised water after the conversion process, and then dried in a cool 
air stream. Rinsing thoroughly with deionised water, after immersion in the conversion 
bath ensured the removal of any acid residues, soluble salts and non-adherent particles 
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that might be present on the treated metal surface which would otherwise promote 
blistering of subsequent paint films used for finishing. Treated specimens were kept in a 
desiccator to minimise aging effects. 
3.6 Experimental Approach 
3.6.1 Potential-time response 
The polarisation behaviour of the untreated and treated metal substrates (electrodes) was 
performed in a 250 ml cell containing 200 ml of 3.5 wt% NaCl electrolyte. A three-
electrode cell configuration consisting of the specimen (standard spade-type electrode) 
as the working electrode (WE), a platinum electrode as the counter electrode (CE) and a 
saturated calomel electrode as a reference electrode (RE) was used. The working 
electrodes, aluminium and Al-Cu spade-type electrodes, were mounted in such a way 
that only approximately 1 cm2 of the electrode was in contact with the aggressive 
solution. The reference electrode was placed as close as possible to the surface of the 
working electrode. The potentials were monitored and recorded using Gill AC 
potentiostat (ACM instruments). The electrolyte was freely aerated and all experiments 
were performed at room temperature.  
3.6.2 Polarisation studies 
Polarisation studies can provide valuable information regarding the corrosion 
mechanism, corrosion rate and susceptibility to corrosion of metallic specimens in 
designated environments.  
In the present study, the polarisation studies were carried out in order to examine the 
effect of the cathodic and anodic behaviour of treated and untreated superpure 
aluminium as well as the binary Al-Cu model alloys in 3.5 wt% NaCl solution. The 
polarisation behaviour of each specimen was determined using a spade electrode 
(specimen) connected to a GillAC potentiostat in a three-electrode cell. A saturated 
calomel electrode and a platinum electrode were used as reference and counter 
electrodes respectively. The working electrode was a standard spade-type electrode with 
a nominal working area of 1 cm2.  
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Prior to commencing a polarisation study, it is usual to monitor the open circuit 
potential or corrosion potential for a period of time in the electrolyte. Monitoring of the 
potential should be conducted for a sufficiently long period of time in order to ensure 
that steady-state conditions exist between the specimen and its environment. Hence, in 
the present study, each of the specimens was immersed in 3.5 wt% NaCl electrolytes for 
60 minutes to allow the potential to reach a steady value after which each specimen 
(spade electrodes) was polarised in the cathodic or anodic direction at a scan rate of 17 
mV/min. Cathodic polarisation was carried out from +5 mV to a reverse potential of -
1000 mV in the cathodic direction. For anodic polarisation experiments, deaeration was 
achieved by injecting nitrogen into the electrolyte for 2 hours in order to expel air 
bubbles. After 2 hours, specimens were immersed in the electrolyte and the open circuit 
potentials were measured for 60 minutes. Anodic polarisation was carried out from -5 
mV to a reverse potential of +1000 mV in the anodic direction. 
Anodic polarisation curves provide useful information concerning the potential range 
over which a material is passive, the ease of achieving passivity, the level of protection 
afforded by the passive film and the susceptibility to pitting.  
3.7 Ultramicrotomy 
Ultramicrotomy is a thin sample preparation method for successful transmission 
electron microscopy (TEM) investigations of metals [265-267]. Many materials in their 
natural state are too thick to be examined directly with an electron microscope. 
Ultramicrotomy represents, perhaps, the only technique presently available which 
allows direct observation of the substrate metal and its surface films, developed during 
corrosion or filming processes [268]. It provides additional and important advantages in 
the preparation of clean and microscopically smooth surfaces for both high purity 
aluminium and aluminium alloys, allowing transmission electron microscopy to be 
utilised fully in the study of their corrosion and filming behaviour [268]. Ultrathin 
sections can be created in the range of 10 - 100 nm thick with the use of a diamond 
knife. The electron transparent ultrathin sections of aluminium alloys can then be 
penetrated by an electron beam to reveal the intricate morphology. In order to obtain 
thinner and better quality sections for high resolution observations, it is necessary to use 
a high quality diamond knife [265]. Two angles are important in the use of a diamond 
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knife for sectioning, namely the included angle and the clearance angle (Figure 3.1 (a)). 
The standard included angle used for routine section with Micro Star knives is 450. The 
clearance angle is the angle between the back diamond adjusted to facilitate sectioning 
depending on the material being sectioned. The metal slices, of thickness in the order of 
a couple of hundred nanometres, are then retrieved from the water and mounted on a 
copper grid. The grid should be placed in the water and under the surface, and then it 
should be lifted up, gently picking up the sections at an angle. The grid is then dried 
immediately on filter paper as contaminants can land on the specimen if dried in air.  
After the conversion coating process, the specimens for ultramicrotomy were cut into 
narrow strips of dimension 10 × 3 mm, with one end subsequently trimmed to a sharp 
tip. In order to prepare an embedded hard material, each strip specimen was arranged 
parallel to the axis of BEEM polyethylene capsules and was encapsulated in an epoxy 
resin which was formed from DDSA (dodenyl succinic andydride), MNA (methyl nadic 
anhydride), Agar 100 and BDMA (Benzyl Dimethyl Amine) - epoxy cure accelerator. 
Each sharp-tipped specimen was then positioned at the centre of the capsule. Curing 
was undertaken at 60 °C for 24 hours before trimming and sectioning. The resin 
(hardened) embedded specimens was taken out of the capsule and trimmed using a 
Leica Ultracut UCT ultramicrotome (Figure 3.1 (b)). The encapsulated specimens were 
initially trimmed with a glass knife and suitably thin sections, between 5 and 10 nm, 
thick were prepared by sectioning in a direction approximately parallel to the 
coating/metal interface with a diamond knife [269]. The cutting speed and section 
thickness were set at 0.2 mm s−1 and 15 nm respectively. The slices produced were 
collected from a bath of deionised water onto 200 mesh TEM copper grids and later 
dried at room temperature and stored for subsequent TEM examination. 
3.8 Scanning Electron Microscopy and Energy Dispersive X-ray 
Spectroscopy 
The scanning electron microscope (SEM) has long been recognised as a tool to give a 
simulated ‘visual’ image of a surface, with a magnification which is sufficiently large 
for both macro- and micro-structures to be studied [270]. The scanning electron 
microscope (SEM) is a microscope that uses electrons rather than light to form an 
image. There are many advantages to using the SEM instead of a light microscope. The 
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SEM has a large depth of field, which allows a large amount of the sample to be in 
focus at one time. The SEM also produces images of high resolution, which means that 
closely spaced features can be examined at a high magnification. Preparation of the 
samples is relatively easy since most SEM only require the sample to be conductive. 
The combination of higher magnification, larger depth of focus, greater resolution, and 
ease of sample observation makes the SEM one of the most important tool used in 
research areas today [271].  
Conventional light microscopes use a series of glass lenses to bend light waves and thus 
create a magnified image. The SEM (Figure 3.2) creates the magnified images by using 
electrons instead of light waves. It shows very detailed 3-dimensional images at much 
higher magnifications than is possible with an ordinary light microscope. The images 
created without light waves are rendered black and white. The specimen (which has 
been carefully prepared to withstand the vacuum inside the microscope) is then placed 
inside the microscope's vacuum column through an air-tight door. After the air is 
pumped out of the column, an electron gun, situated at the top, emits a beam of high 
energy electrons. This beam travels downward through a series of magnetic lenses 
which are designed to focus the electrons to a very fine spot. Near the bottom, a set of 
scanning coils hastens the focused beam back and forth across the specimen. As the 
electron beam hits each spot on the specimen, secondary electrons are knocked loose 
from the specimen surface. An electron detector counts these electrons and sends the 
signals to an amplifier. The final image is built up from the number of electrons emitted 
from each spot on the specimen. The intensity of the emitted electrons from a specimen 
of a given homogenous composition depends on the local angle of the surface to the 
scanning beam moderated by the probability of their reaching the detector [270]. Thus, 
the image of the surface appears to have been viewed along the axis of the incident 
beam with a contrast that is expected if the sample is illuminated by a beam of light 
from the direction of the detector [270].  
High resolution images can be produced with field emission gun scanning electron 
microscope (FEGSEM). The main difference between the SEM and the FEGSEM is the 
type of electron emitter used. FEGSEM uses a cold cathode field emitter while SEM 
uses thermionic emitters. FEGSEM instruments also operate in a high vacuum that 
allows electron movements along the column without scattering and prevents discharges 
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inside the gun. A narrow probing beam, produced by field emission cathode, provides 
improved spatial resolution and minimises sample charging and damage.  
In order to reveal the surface morphology and to measure the coating layer thickness, 
scanning electron microscopy was carried on the specimens studied in this work. 
Samples for SEM were prepared by cutting 1 cm by 1 cm pieces from the specimens. 
The surface morphology of the aluminium specimens before and after coating was 
examined by scanning electron microscopy. The micrographs were taken with an 
Amray 1810 instrument, with resolution of 60 Ǻ, interfaced with an ISIS x-ray 
microanalysis workstation with a high resolution Gem (Germanium) Ayw (thin 
windowed) X-ray detector. High resolution images were also taken using FEGSEM 
instrument Zeiss Evo-50. Energy Dispersive X-ray analyses were carried out at 
accelerating voltage of 20 kV.  
3.9 Transmission Electron Microscopy 
Transmission electron microscopy (TEM) is an imaging technique whereby a beam of 
electrons is focused onto a specimen causing an enlarged version to appear on a 
fluorescent screen or layer of photographic film. Transmission electron microscopy has 
been used for decades to examine ultrathin specimens. It is often used to determine the 
morphology and structure of nanomaterials. This technique requires a clean sample that 
meets ultra high-vacuum standards in order to provide surface characterisations. Thus, 
the specimens must be very thin and able to withstand the high vacuum present inside 
the instrument. In the past, light microscopes have been used mostly for imaging since 
they are relatively easy to use. However, the maximum resolution of an image is 
determined by the wavelength of the photons that are being used to probe the sample. 
The wavelength of light limits resolution in an optical light microscope. The TEM 
operates on the same basic principles as the light microscope, but uses electrons instead 
of light. Transmission electron microscopes use electrons as light source and their much 
reduced wavelength make it possible to achieve resolutions of one thousand times better 
than with a light microscope. Thus, objects of the order of 10-1 nm can be resolved. The 
schematic diagram of the principal features of a transmission electron microscope is 
shown in Figure 3.3 (a). 
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A light source situated at the top of the microscope emits the electrons that travel 
through the vacuum in the column of the microscope (Figure 3.3 (b)). The TEM uses 
electromagnetic lenses to focus the electrons into a very thin beam. The electron beam 
then travels through the specimen to be studied. Depending on the density of the 
specimen, some of the electrons are scattered and disappear from the beam. At the 
bottom of the microscope the unscattered electrons hit a fluorescent screen, which gives 
rise to a "shadow image" of the specimen with its different parts displayed in varied 
darkness according to their density. The image can be studied directly by the operator or 
photographed with a camera. 
The contrast in a TEM image is not the same as the contrast in a light microscope 
image. A crystalline material interacts with the electron beam mostly by diffraction 
rather than absorption, although the intensity of the transmitted beam is still affected by 
the volume and density of the material through which it passes. The intensity of the 
diffracted beam depends on the orientation of the planes of atoms in a crystal relative to 
the electron beam - at certain angles the electron beam is diffracted strongly from the 
axis of the incoming beam, while at other angles the beam is largely transmitted. 
Modern TEMs are often equipped with specimen holders that allow the user to tilt the 
specimen to a range of angles in order to obtain specific diffraction conditions, and 
apertures placed below the specimen allow the user to select electrons diffracted in a 
particular direction. A high contrast image can therefore be formed by blocking 
electrons deflected away from the optical axis of the microscope by placing the aperture 
to allow only unscattered electrons to pass through. This produces a variation in the 
electron intensity that reveals information on the crystal structure, and can be viewed on 
a fluorescent screen, or recorded on photographic film or captured electronically. It is 
also possible to produce an image from electrons deflected by a particular crystal plane. 
By either moving the aperture to the position of the deflected electrons, or tilting the 
electron beam so that the deflected electrons pass through the centered aperture, an 
image can be formed of only deflected electrons, known as a dark field image.  
There are a number of drawbacks to the transmission electron microscopy technique. 
Many materials require extensive sample preparation to produce a specimen thin 
enough to be electron transparent, which makes TEM analysis a relatively time 
consuming process with a low throughput of samples. The structure of the sample may 
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also be changed during the preparation process. Additionally, the field of view is 
relatively small, raising the possibility that the region analysed may not be characteristic 
of the whole sample. There is potential that the sample may be damaged by the electron 
beam, particularly in the case of biological materials. 
The surface structure and coating layer thickness of all the specimens were investigated 
using transmission electron microscopy. Ultramicrotomed thin sections were examined 
at an accelerating voltage of 120 kV in a JOEL 2000 FX II analytical TEM instrument 
equipped with an energy dispersive X-ray analysis facilities. Energy dispersive X-ray 
(EDX) unit connected to the TEM was used to determine the percentage of atomic 
contents of elements present in the surface of the coated aluminium substrate. 
Specimens were imaged at an energy electron beam of 2 keV, and the EDX spectra 
obtained were interpreted by means of the ISIS Data Software. 
3.10 Atomic Force Microscopy 
Atomic force microscopy (AFM) is a very high resolution scanning probe microscope 
[272] which makes it a valuable technique for studying micro- and nano-structured 
surfaces. It is a technique for investigating the surface topography of a sample. An 
atomic force microscope (Figure 3.4) is simply an extremely small, sharp probe attached 
to a spring loaded cantilever which moves over the surface of a specimen. Light from a 
laser shining on the cantilever is detected by a photodiode and the resultant signal 
generated is interpreted by specialist electronics. The tip is usually made from either a 
ceramic or semiconducting material, however, recently the tips have been made from 
cylindrical carbon nanotubes that are much stronger and yet flexible. The sharper the 
tip, the better the resolution of the final image. The lateral resolution of the image can 
be as small as the tip radius (typically 5-15 nm), and the vertical resolution can be in the 
order of angstroms. A standard atomic force microscope can analyse a specimen 
between 10-20 cm2 to a resolution of less 0.2 nm. 
The principle of operation of a standard atomic force microscope is based on scanning 
of a sharp tip, mounted on a flexible cantilever across the specimen area. When the tip 
approaches the surface within a few angstroms, local attractive or repulsive van der 
Waals forces between the atoms of the tip and the specimen surface is set off which is 
converted into a bending or deflection of the cantilever. The tip is moved over the 
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sample by a scanner, typically a piezoelectric transducer, which can make extremely 
precise movements. The magnitude of the deflection depends on the tip-to-specimen 
distance (d). A laser beam is focused on the backside of the cantilever, which is 
reflected onto a distant photo-detector. Hence, when the cantilever moves up and down 
corresponding to the surface contours, the laser beam is also deflected as well. Thus, the 
deflection of the laser spot on the photo-detector will correspond to the height 
displacement on the surface of the specimen. The bending or deflection of the 
cantilever, normal to the specimen surface is usually monitored by an optical lever, 
although other methods have been investigated [273]. The optical lever consists of a 
laser focused on the back of the cantilever which is reflected onto a photo-detector 
(typically a split photodiode). The combination of the sharp tip, the very sensitive 
optical lever, and the highly precise movements by the scanner, combined with the 
careful control of van der Waal forces between the tip and the specimen surface, allow 
the extremely high spatial resolution (on the nanoscale) of AFM.  
There are many different operating modes for an AFM. The most commonly used 
modes of operation of an AFM are the contact mode and the tapping mode. In the 
contact mode, the cantilever is kept in constant contact with the sample surface by 
applying a constant force between the cantilever and the surface. The tapping mode is 
very gentle in contrast to the contact mode. It utilises a piezo crystal to oscillate the 
cantilever up and down (usually 100-200 nm) only tapping the surface while it scans 
across the specimen. By controlling how hard the tip is tapped, the AFM can move 
away from the surface when the cantilever tip feels a ridge, so that it does not hit against 
the surface when it moves across it. The tapping can be finely tuned by changing the 
voltage applied to the piezo crystal but a common tapping frequency is mainly between 
50-500 MHz. Another mode which is not so common is the non-contact mode [274]. In 
the non-contact mode the tip stays in close (almost touching) contact to the surface at all 
times. 
Tapping mode AFM was used to characterise the surface topography of the superpure 
and Al-Cu model alloys before and after different times of immersion in zirconium-
based conversion bath. These characterisations were conducted using a Veeco 
Dimension Tm 3100 multimode atomic force microscope manufactured by Digital 
Instruments. Quantitative evaluation of the data (image data) was carried out using the 
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NanoScope III off-line analysis software and the scanning probe image processor 
(SPIP).The AFM measurements were presented as plan-view and 3-dimensional 
images. 
3.11 Optical Microscopy 
Optical microscopy, or light microscopy, refers to the inspection of the specimen at 
higher magnification using an instrument known as an optical or light microscope. 
Optical microscopes are the simplest and oldest of the microscopes. It is one of the most 
versatile, non-destructive analytical tools used to study the microstructure of a great 
range of materials on the micron and submicron scale. A basic optical microscope has 
the following components:  
 a lamp to illuminate the specimen 
 a nose piece to hold 4 to 5 objectives which is used in changing the viewing 
magnification 
 an aperture diaphragm used to adjust the resolution and contrast 
 a field diaphragm for adjusting the field of view 
 an eye piece to magnify the objective image (usually by 10X) and  
 a stage for manipulating the specimen.  
During an optical microscope inspection, the specimen is usually mounted on a 
transparent glass slide and positioned on the movable specimen stage of the microscope 
and is positioned perpendicularly to the axis of the objective lens. Light from the 
microscope lamp is focused by the condenser lens onto the specimen, which reflects 
some light back to the lens.  The objective lenses pick up the reflected light transmitted 
by the specimen and focus it on the focal plane of the objective lens, thus creating a 
magnified image of the specimen. Usually the image formed on the objective focal 
plane is magnified by the ocular lens. The light emanating from the already magnified 
image of the specimen is reflected on the ocular lens which projects it onto a piece of 
photographic film or a video camera. The image seen in the microscope depends not 
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only on how the specimen is illuminated and positioned, but on the characteristics of the 
specimen as well.  
The morphology of the treated and untreated specimens after exposure to aggressive 
electrolytes was examined using an optical microscope (model: Olympus BHM). The 
imaging system involves a JVC colour video camera (model: TK – C1370) placed on 
top of the objective portion of the microscope. The camera was connected to a computer 
in order to record real-time images from the substrates using BDPRO capture software. 
3.12 Rutherford Backscattering Spectroscopy 
Rutherford Backscattering Spectroscopy (RBS) is a technique that has been widely used 
for the characterisation of surfaces of single oxides [275] and for studying the materials 
in thin coatings. It is able to reach buried atomic layers non-destructively and gives 
information on the stoichiometry and atomic concentrations [276]. The technique uses 
ion beams with energies in the MeV range to determine the chemical composition of 
thin films [213]. The energies of the backscattered ions depend on the mass and the 
distance from the external surface of the atom of collision [213]. The incident ions lose 
energy during the collision with the atom and also due to passing in and out of the 
material. The scattering effect is named after Rutherford when the interaction between 
the incident nucleus and the target nucleus is only due to the Coulomb force [213]. 
Energy analysis of the backscattered ions by the detection system yields a spectrum in 
the form of counts versus channel number. The channel number is linearly related to the 
energy of the backscattered ion, which for a certain element is inversely related to the 
distance from the external surface. Therefore, knowing the density of the material and 
the stopping cross section of the element, it is possible to relate the channel number to 
the distance from the surface [213]. RBS spectra are usually quantified using scattering 
cross-sections and rump simulation [172]. 
Rutherford backscattering spectroscopy (RBS) has been used in the present study to 
examine how changes in processing conditions, particularly the treatment times, 
influence the coating thickness and zirconium distribution at each processing time. This 
technique is based on the detection of ions that are elastically backscattered by nuclei of 
the atoms of a material analysed [275]. The energy and mass of the projectile atoms are 
known. Then, the composition of the sample examined is calculated through the 
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measurement of the number of projectile ions backscattered at different energies 
(backscattered spectrum), and considering the principle of conservation of momentum 
and energy during the elastic collision of two masses [275]. Equations and constants 
used for these calculations are included in a computer program called RUMP 
(Rutherford Universal Manipulation Program) which simulates the experimental 
backscattering spectrum as a function of the composition of the coated aluminium 
surfaces studied. 
Coatings were analysed by Rutherford backscattering spectroscopy (RBS), using either 
1.53 or 1.86 MeV He+ ions, supplied by the Van de Graaff accelerator of the University 
of Paris. The diameter of the ion beam was 1 mm. The RBS data were interpreted by the 
RUMP program. 
The channel number of the part of the RBS spectra related to zirconium is transformed 
in distance from the external surface using the density of pure zirconium oxide. The 
thickness of the zirconium layer was taken arbitrarily as the distance from the surface at 
which the counts of backscattered ions, proportional to the density of atom of 
zirconium, are 30% of the maximum value. Therefore, it is necessary to keep in mind 
that the measurements of thickness of zirconium-based films obtained from these 
analyses are only semi-quantitative. This is also due to the fact that the density of pure 
zirconium oxide was used, whereas the coating layer is a mixture of zirconium oxide 
and hydroxide. Regardless, the thicknesses of the zirconium-based films from all the 
specimens were calculated with the same method and therefore comparisons should be 
possible.  
3.13 Nuclear Reaction Analysis 
Nuclear reaction analysis (NRA) is a powerful technique for quantification of the 
concentration or the depth profile of a certain element in a specimen for which the 
qualitative chemical composition is known, using light ion beams with energies in the 
range 1 – 10 MeV [277]. It is also a sensitive means of measuring depth profiles of 
individual isotopes of an element which is not possible using surface analytical 
techniques such as RBS, Auger electron spectroscopy (AES), or X-ray photoelectron 
spectroscopy (XPS).  
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In order to quantify the amount of oxygen in the zirconium-based conversion coatings 
formed on conversion coated specimens, nuclear reaction analyses were carried out on 
the superpure aluminium specimens as well as the Al-30at.%Cu alloy specimens in both 
the as-sputtered and conversion coated conditions. The oxygen content in the 
zirconium-based conversion coating was measured by NRA using 16O(d, p1)17O with a 
deuteron beam of 2.43 MeV. Protons were detected at 1500 to the direction of the 
incident beam. A mylar film was placed in front of the detector in order to eliminate the 
signal from elastically scattered deuterons. The amount of oxygen in the conversion 
layer film was determined from the ratio of the proton yield from the specimen 
(superpure aluminium or Al-30at.%Cu alloy) to that from an anodised tantalum 
standard specimen known to contain 5.05 × 1018 oxygen atoms/m2 to a precision of 3%.  
3.14 Glow Discharge Optical Emission Spectroscopy 
Glow Discharge Optical Emission Spectroscopy (GDOES) is a rapid analytical 
technique used for direct bulk analysis and depth profiling analysis of solids (metals, 
powders, polymers, glasses and ceramics). GDOES employs a glow discharge source 
and one or more optical spectrometers. A schematic layout is given in Figure 3.5 (a). 
Since this technique gives composition of materials as elemental depth profiles, 
conversion coatings currently being developed on aluminium and copper-containing 
aluminium substrates can be easily studied.  
The principle of operation is relatively easy to understand. In GDOES, the specimen to 
be analysed is brought close to the anode (a copper tube) of a glow discharge source 
(Figure 3.5 (b)). The copper tube is filled with low pressure argon (~600 Pa) with either 
a radio frequency (RF) or direct current (DC) voltage applied between the anode and the 
specimen (cathode). Atomisation of the specimen in GDOES occurs by cathodic 
sputtering, followed by a transport of the sputtered material in the excitation source 
[278]. Cathodic sputtering is used to remove material layer by layer from the surface of 
the specimen. The atoms removed from the metal substrate migrate into the plasma 
where they are excited through collisions with electrons or metastable carrier gas atoms. 
The characteristic spectrum emitted by this excited atoms is measured by the 
spectrometer. 
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Analytical interpretation of the GDOES data depends on calibration. In order to achieve 
accuracy over a wide range of materials, the calibration has to be correct, i.e. it must 
correctly reflect actual relations between the signal response and the composition of the 
specimens to be analysed. The key to good calibrations is a correct calibration model, 
i.e. a correct general form of the equations linking the signal response and the 
composition of the analysed material [278]. Ideally, the calibration model should reflect 
in a suitable way all processes affecting the signal response - sample atomisation, 
excitation and conversion of the emitted light into the actually measured signal(s) [279]. 
Emission intensities depend on the specimen composition in a predictable way, namely, 
if analysing a specimen M, the intensity IE,M of an emission line of element E depends 
on the concentration cE,M of the element in that specimen as in the equation below. 
IE,M = RE cE,M qM           (3.1) 
where qM is the sputter factor of specimen M and RE is proportionality factor known as 
emission yield of that particular line. The sputtering rate qM is defined as the amount of 
the material of the specimen sputtered (removed) from the specimen within a time unit. 
It depends on the matrix and the discharge conditions [280, 281]. 
In view of the importance of GDOES for precise depth profiling of films materials and 
the potential of GDOES for depth profiling analysis of films, GDOES spectra of 
superpure aluminium and Al-Cu alloys were recorded before and after the immersion 
treatment. The specimens were depth-profiled using a Jobin Yvon GD Profiler 2 RF 
instrument. The depth profiling analysis of the coatings was carried out at an argon 
pressure of 700 Pa by applying an RF of 13.56 MHz and a power of 35 W. Light 
emissions of characteristic wavelengths, associated with the sputtered species, excited 
mainly by collision with electrons were monitored throughout the analysis with a 
sampling interval of 0.01 s for depth profiling. The relevant wavelengths (nm) were as 
follows: aluminium, 396.152; copper, 324.754; oxygen, 130.217; zirconium, 339.198 
and boron, 249.678. 
3.15 X-ray Diffraction Spectroscopy 
X-ray diffraction (XRD) is an indispensible non-destructive tool for the qualitative and 
quantitative analysis of a wide range of materials. It is used to characterise the crystal 
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composition, grain size and preferred orientation in polycrystalline or powdered solid 
specimens. XRD detects the molecular composition and can distinguish among various 
phases of a compound of a given chemical formula. Structural information on 
amorphous phases can also be obtained using XRD. X-ray diffractometers consist of 
three basic elements: an X-ray tube, a specimen holder, and an X-ray detector.  
X-ray diffraction spectroscopy is based on constructive interference of monochromatic 
X-rays and a crystalline specimen. These X-rays are generated by a cathode ray tube, 
filtered to produce monochromatic radiation, collimated to concentrate, and directed 
onto the specimen. The geometry of the X-ray diffractometer is such that the specimen 
rotates in the path of the collimated X-ray beam at an angle θ while the X-ray detector 
which collects the diffracted X-rays, rotates at an angle of 2θ. The intensity of spatially 
diffracted X-rays is continuously recorded as the specimen and the detector rotate 
through their respective angles. The diffraction of X-rays by specimens is described by 
Bragg’s law; 
nλ = 2d sinθ          (3.2) 
Bragg’s law relates the wavelength (λ) of electromagnetic radiation to the diffraction 
angle (θ) and the lattice spacing (d) in a crystalline specimen. When the geometry of the 
incident X-rays impinging the specimen satisfies the Bragg’s law, constructive 
interference occurs and a peak in intensity occurs. The d-spacing of each peak is then 
obtained by solving the Bragg’s equation for the appropriate value of wavelength (λ). 
Conversion of the diffraction peaks to d-spacings allows identification of the specimen 
because each crystal has a set of unique d-spacings. This is usually achieved by 
comparison of specimen’s d-spacings with standard reference patterns. The orientation 
and relative intensity of the diffraction pattern contain information on the 
crystallographic structure of the specimens being studied. Through the use of 
appropriate database, XRD allows researchers to qualitatively (phase analysis) identify 
the compounds present and quantitatively determine their relative abundance in case a 
mixture of the latter is under scrutiny.  
The structure of sputter-deposited aluminium and aluminium-copper alloys were 
determined by X-ray diffraction. XRD measurements were performed with a Philips 
X’Pert – MPD X-ray diffractometer (with a copper tube anode) equipped with a 
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diffracted-beam curved graphite monochromator. The X-ray photon wavelength was 
1.542 Å with a take-off angle of 60. The XRD patterns were collected with the X-ray 
source operating at an accelerating voltage of 45 kV and an emission current of 40 mA. 
The data were collected in steps of 0.050 (2θ) in the 5 to 850 (2θ) range with a constant 
counting time of 30 s per step. The fixed angle of incidence of the X-ray beam was 30. 
The identification of the phase composition of the specimens was done by comparing 
the measured d-spacings in the diffraction pattern and their integrated intensities with 
known standards. 
3.16 Corrosion Tests 
3.16.1 Filiform corrosion test 
Assessment of the susceptibility of the specimens to filiform corrosion was done using 
an accelerated laboratory filiform corrosion test. The specimens were tested in the as-
sputtered condition and after conversion coating treatments. Two specimens for each 
condition were tested. The specimens for filiform corrosion tests were coated using a 
transparent acrylic coating (Rohm & Haas, Paraloid B48N). The coating was applied 
with a wire-bar (from Jaguar) and cured at room temperature overnight, leaving a dry 
film thickness of approximately 20 µm. A 10 mm scribe was made in the coating using 
a steel tipped scribing tool.  Corrosion was initiated by introducing droplets of 16 wt.% 
HCl solution into the scribe for 2 - 3 minutes. The excess HCl solution was then 
removed carefully, from the surface after which, the specimens were placed in a 
humidity chamber, maintained at 400C and 80% relative humidity, for 3000 h in 
accordance with DIN EN ISO 3665 [137]. 
3.16.2 Salt spray testing 
Salt spray (fog) is considered as one of the most useful standards for measuring 
corrosion resistance in the coating industry. Standard salt fog is the industry’s 
benchmark for obtaining corrosion data. It can be used to test the relative resistance to 
corrosion of coated and uncoated metallic specimens, when exposed to a salt spray fog 
at an elevated temperature. Salt spray tests are performed using a special chamber, 
appropriately named or described as salt spray chamber. The American Society for 
Testing Materials (ASTM) B117 (Standard Practise for Operating Salt Spray (Fog) 
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apparatus) was developed as a test to measure the relative effectiveness of coatings to 
protect the substrate to which the coating is adhered from corrosion. It gives the 
operating parameters of the salt spray chamber. These parameters are temperature, air 
pressure, concentration of salt, collection rate etc. The salt solution comprises 5% NaCl 
in deionised water (with a pH range of 6.5 to 7.2), and the chamber temperature is kept 
at 35 - 370C. The salt solution is atomised in the salt spray chamber such that for each 
80 cm2 of horizontal collection area there will be a collection at a rate of 1 - 2 ml per 
hour [282]. These parameters have strict operating ranges that must remain in check to 
ensure proper reproducibility of corrosion data. The duration of the test can range from 
8 to over 3000 h, depending on the material being tested. ASTM D1654 standard is the 
most common evaluation method for ASTM B117. 
Salt spray testing in accordance with ASTM B117 standard was used to evaluate 
uncoated and acrylic coated conversion coated specimens. Prior to initiating the test, the 
collection rate, and the salt concentration and pH of the collected solution were 
measured and conformed to the requirements set by the ASTM B117 standard: 1.0 - 2.0 
ml of solution per hour in an 80 cm2 horizontal collection area (based on an average run 
of 16 h), 5 wt.%, 6.5 - 7.2 pH, respectively. The temperature of the chamber was 
monitored on a daily basis and was found to maintain the range specified by the ASTM 
B117 standard. In the present study, test specimens were supported in the test chamber 
using racks that fix the specimens at an angle of 300 from the vertical. All specimens 
were photographed prior to, during and at the termination of the test. The acrylic-coated 
coupons for each conversion coating condition were scribed and exposed to 1000 h of 
salt fog under conditions identical to those of the uncoated specimens. At the end of the 
test the specimens are carefully removed from the chamber. They are allowed to dry for 
one hour before rinsing, in order to reduce the risk of removing corrosion products. The 
assessment of corrosion is performed visually and by digital colour photography to 
show the extent of corrosion that occurred during the 1000 h of ASTM B117 salt spray 
testing.  
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Figure 3.1 (a) Specimen sectioning process (www.microstartech.com), (b) Photo of 
Leica Ultracut UCT ultramicrotome. 
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Figure 3.2 Schematic view of the operation of SEM (http://media-
2.web.britannica.com/eb-media/88/113688-004-B14FDB14.gif)  
126 
 
 
 
Figure 3.3 Schematic view of (a) principal features of a TEM (b) operation of a TEM 
(http://media-2.web.britannica.com/eb-media/90/113690-004-CB552E7F.gif) 
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Figure 3.4 (a) A Nanoscope III Multimode AFM and (b) a schematic diagram 
illustrating the AFM operation. 
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Figure 3.5 Schematic diagrams of (a) GDOES and (b) glow discharge source 
(www.glow-discharge.com/) 
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CHAPTER 4 
4 ASSESSMENT OF ALUMINIUM AND MODEL ALUMINIUM-
COPPER ALLOYS PREPARED BY MAGNETRON SPUTTERING 
4.1 Introduction 
In this chapter, characterisation of superpure aluminium and aluminium-copper model 
alloys (Al-1.0at.%Cu, Al-5.0at.%Cu, Al-10at.%Cu and Al-30at.%Cu) in the as-
sputtered condition is considered. Optical microscopy, scanning electron microscopy 
(SEM), transmission electron microscopy (TEM), atomic force microscopy (AFM) and 
crystallographic measurements by X-ray diffraction spectroscopy (XRD) have been 
employed. The electrochemical behaviour of the as-sputtered aluminium and 
aluminium-copper model alloys is also introduced in this chapter.  
4.2 Optical Microscopy 
4.2.1 Magnetron sputtered superpure aluminium and aluminium-copper 
model alloys 
Optical microscopy was used prior to electrochemical testing to observe surface defects 
such as scratches and cracks introduced during sputtering and handling. The optical 
micrographs of the superpure aluminium, Al-1.0at.%Cu, Al-5.0at.%Cu, Al-10at.%Cu 
and Al-30at.%Cu alloys in the as-sputtered condition are shown Figures 4.1 (a) – 4.1 (e) 
respectively. The optical micrographs of the aluminium-copper model alloys reveal 
changes in the surface morphologies with increasing percentage composition of copper 
the model alloys. Arrays of microscopic grooves were also observed on the aluminium-
copper model alloys. These grooves are continuous and parallel to each other with a 
separation distance of approximately 20 µm. The optical micrograph of the surface of 
the initial aluminium substrate reveals that the observed grooves are due to the rolling 
lines on the original surface of the aluminium substrate before sputter deposition. 
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4.3 Scanning Electron Microscopy 
The microstructure and elemental composition of the magnetron sputtered aluminium 
and copper-containing aluminium alloys were observed with the aid of a scanning 
electron microscope. An energy dispersive X-ray (EDX) elemental analysis facility was 
attached to the scanning electron microscopes to utilise its electron beam as source. In 
EDX analysis, a high energy electron beam is scanned across the specimen, causing the 
emission of X-rays as excited electrons return to the ground state. The energy of emitted 
X-ray is dependent on the elemental configuration of the specimens. Oxygen was 
detected on all the specimens tested except the as-sputtered Al-30at.%Cu alloy 
specimen. Gaseous incorporation in sputtered films is likely due to the fact that the 
faster a sputtered film forms on the metal substrate, the more residual gas from the 
ambient vacuum becomes incorporated into the films.  
4.3.1 Magnetron-sputtered superpure aluminium 
The surface of the magnetron-sputtered superpure aluminium is shown in Figure 4.2. 
The superpure aluminium surface morphology appears relatively flat and free from 
detritus. In order to investigate the local composition of the superpure aluminium 
specimen, EDX point analyses were carried out. The results from these analyses are 
given in Table 4.1. The analysis by EDX point measurement confirms the presence of 
aluminium and oxygen which is likely alumina (Al2O3) which possesses strong ionic 
bonding giving rise to its desirable material characteristics. The slight variation in the 
composition of the as-sputtered aluminium substrate is likely due to the fact that EDX 
point analyses were made of interesting features on the metal surface and these have a 
different composition level which is likely due to impurities on the metal surface. 
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Table 4.1 EDX analyses of the surface of the superpure aluminium specimen 
Spectrum In stats. O Al Total  
      
Spectrum 1 Yes 0.34 99.66 100.00  
Spectrum 2 Yes 0.71 99.29 100.00  
Spectrum 3 Yes 0.65 99.35 100.00  
      
Max.  0.71 99.66   
Min.  0.34 97.29   
All results in weight% 
 
4.3.2 Magnetron-sputtered Al-1.0at.%Cu alloy 
Figure 4.3 displays the scanning electron micrographs of the alloy after magnetron 
sputtering. Arrays of microscopic parallel grooves (consistent with the optical 
microscopy observations) were also observed on Al-1.0at.%Cu model alloy. The EDX 
results (Table 4.2) confirms the presence and weight percentage of copper in the model 
alloy from known sputtering parameters as expected. It also reveals the presence of 
oxygen.   
4.3.3 Magnetron-sputtered Al-5.0at.%Cu alloy 
Scanning electron images of the surface of the sputter deposited Al-5.0at.%Cu alloy 
reveal the generally featureless appearance, as depicted in Figure 4.4. The analysis of 
the EDX spectra reveals the percentage weight composition of the alloy (Table 4.3).  
4.3.4 Magnetron-sputtered Al-10at.%Cu alloy 
Figure 4.5 shows the scanning electron micrograph of the surface of the as-sputtered Al-
10at.%Cu specimen. Table 4.4 shows the elemental composition of the alloy by EDX 
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analyses. Spectrum 2 and spectrum 4 revealed the presence of some carbon impurities 
on the surface of the alloy. 
 
Table 4.2 EDX analyses of the surface of the magnetron-sputtered Al-1.0at.%Cu alloy 
Spectrum In stats. O Al Cu Total   
       
Spectrum 1 Yes 1.48 96.62 1.90 100.00  
Spectrum 2 Yes 2.18 95.94 1.88 100.00  
Spectrum 3 Yes 0.88 97.28 1.84 100.00  
Spectrum 4 Yes 1.12 97.04 1.84 100.00  
       
Max.  2.18 97.28 1.90   
Min.  0.88 95.94 1.84   
All results in weight% 
 
Table 4.3 EDX analyses of the surface of the magnetron-sputtered Al-5.0at.%Cu alloy 
Spectrum In stats. O Al Cu Total  
       
Spectrum 1 Yes 3.12 89.96 6.92 100.00  
Spectrum 2 Yes 1.46 89.77 8.77 100.00  
Spectrum 3 Yes 2.50 88.43 9.07 100.00  
       
Max.  3.12 89.96 9.07   
Min.  1.46 88.43 6.92   
All results in weight% 
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Table 4.4 EDX analyses of the surface of the magnetron-sputtered Al-10at.%Cu alloy 
Spectrum In stats. C O Al Cu Total  
        
Spectrum 1 Yes  1.67 79.03 19.30 100.00  
Spectrum 2 Yes 0.52 0.71 87.53 11.24 100.00  
Spectrum 3 Yes  2.47 78.95 18.58 100.00  
Spectrum 4 Yes 2.14 0.24 79.00 18.62 100.00  
        
Max.  2.14 2.47 87.53 19.30   
Min.  0.52 0.24 78.95 11.24   
All results in weight% 
 
4.3.6 Magnetron-sputtered Al-30at.%Cu alloy 
The surface of the magnetron-sputtered Al-30at.%Cu alloy is shown in Figure 4.6. The 
binary alloy surface morphology appears relatively flat, with some cavities developed at 
local sites. In order to investigate the local composition of the alloy, EDX point and area 
(22.5 cm2) analyses were carried out. The EDX results are given in Table 4.5.  
134 
 
Table 4.5 EDX analyses of the surface of the magnetron-sputtered Al-30at.%Cu alloy 
Spectrum In stats. Al Cu Total  
      
Spectrum 1 Yes 63.53 36.47 100.00  
Spectrum 2 Yes 63.04 36.96 100.00  
Spectrum 3 Yes 59.68 40.32 100.00  
      
Max.  63.53 40.32   
Min.  59.68 36.47   
All results in weight% 
 
4.4 Transmission Electron Microscopy 
4.4.1 Magnetron-sputtered superpure aluminium 
A transmission electron micrograph of an ultramicrotomed cross section of the as-
sputtered superpure aluminium is shown in Figure 4.7. The metal is columnar-grained, 
with a typical grain width of ~50 nm. The micrograph also confirms the non-uniformity 
of the specimen surface due to faceting during growth of the sputtered layer. The 
average thickness of the sputter deposited superpure aluminium is approximately 437.5 
nm. The alumina film present on the electropolished aluminium substrate 
(approximately 3 nm) marks the interface between the sputter deposit and the 
underlying aluminium substrate.  
4.4.2 Magnetron-sputtered Al-1.0at.%Cu alloy 
Figure 4.8 shows a transmission electron micrograph of the ultramicrotomed Al-
1.0at.%Cu alloy after sputter deposition. The surface of the binary alloy is not as rough 
as that of the sputter deposited superpure aluminium since the height and width of the 
metal ridges are not as pronounced as that of the superpure aluminium specimen. The 
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average thickness of the sputter deposited Al-1.0at.%Cu alloy is approximately 437.5 
nm, with a grain width of approximately 31.25 nm. 
4.4.3 Magnetron-sputtered Al-5.0at.%Cu alloy 
A transmission electron micrograph of the Al-5.0at.%Cu specimen is shown in Figure 
4.9. The alloy is columnar-grained, with a typical grain width of ~ 18.75 nm. The 
average thickness of the alloy is 487.5 nm. The surface of the specimen is rougher than 
that of the Al-1.0at.%Cu substrate, and the faceted texture is revealed with varied 
widths between the metal ridges that form the boundaries of the grains. The bases of the 
faceted texture protrude into the substrate to a depth of approximately 12.5 nm.  
4.4.4 Magnetron-sputtered Al-10at.%Cu alloy 
Figure 4.10 displays the transmission electron micrograph of the binary alloy after 
deposition. The alloy surface appears less rough compared to all other specimens except 
for the Al-30at.%Cu alloy. The surface has a faceted texture of varying dimensions. The 
average thickness of the sputter deposited Al-10at.%Cu alloy is approximately 362.5 
nm. 
4.4.6 Magnetron-sputtered Al-30at.%Cu alloy 
Figure 4.11 shows the transmission electron micrograph of the binary alloy after 
deposition. The alloy surface appears relatively flat with minimal hillocks compared 
with all other specimens. The average thickness of the sputter deposited Al-30at.%Cu 
binary alloy is approximately 337.5 nm. 
4.5 Atomic Force Microscopy 
4.5.1 AFM characterisation of as-sputtered superpure aluminium 
In order to gain more detailed information on the surface morphology of the superpure 
aluminium specimen, AFM analysis was performed. The AFM study of the morphology 
of the superpure aluminium specimen (Figure 4.12) reveals that the surface is not 
microscopically flat. This result confirms the TEM analysis which revealed the non-
uniformity of the specimen surface due to faceting during growth of the sputtered layer. 
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The sputter deposited superpure aluminium shows clear evidence of hillock protrusions. 
The grains are relatively large and irregular in shape with clear definitions between the 
grains. Generally, facet surfaces are revealed, as shown in Figure 4.12 (c). The 
arithmetic mean roughness (Ra), the root mean square deviation (Rq) and the mean 
height of the profile within a specimen length (Rz) of 134 nm are 11.36, 14.47 and 11.51 
nm respectively. The RMS roughness (Rq) is often larger than the average roughness 
(Ra), but both parameters show the same roughness tendency. Optimal characterisation 
of surface texture is expressed with area roughness calculations that are made on the 
surface of the specimen. If the surface of the specimen is almost flat (graphically the 
peak values are larger than the valley values), then the arithmetic mean roughness (Ra) 
value is approximately equal to the RMS roughness (Rq) value.  
4.5.2 AFM characterisation of as-sputtered Al-1.0at.%Cu alloy 
AFM images of the surface of the magnetron sputtered Al-1.0at.%Cu alloy are shown in 
Figure 4.13. This figure displays an elongated faceted texture. The roughness analysis 
reveals an arithmetic mean roughness (Ra) of 4.24 nm, root mean square deviation (Rq) 
of 5.47 nm and a profile mean height of 5.28 nm. The surface of the superpure 
aluminium presents a higher roughness than the Al-1.0at%Cu specimen, as revealed by 
the average roughness (Ra) and RMS roughness (Rq) values reported. 
4.5.3 AFM characterisation of as-sputtered Al-5.0at.%Cu alloy 
Figures 4.14 (a) – (c) show the typical AFM images of the as-sputtered Al-5.0at.%Cu 
alloy. The texture of the magnetron sputtered Al-1.0at.%Cu alloy is generally pebble or 
cell-like. Some particles protrude above the alloy surface by about 33 nm.  The AFM 
roughness analysis reveals an arithmetic mean roughness (Ra) of 7.36 nm, root mean 
square deviation (Rq) of 9.65 nm and a mean height of 11.44 nm.  
4.5.4 AFM characterisation of as-sputtered Al-10at.%Cu alloy 
The AFM study of the morphology of the Al-10at.%Cu specimen (Figure 4.15) reveals 
a fine cellular or scalloped texture. The arithmetic mean roughness (Ra), the root mean 
square deviation (Rq) and the mean height of the profile within a specimen length (Rz) 
of 57.72 nm are 5.30, 6.62 and 5.71 nm respectively. 
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4.5.6 AFM characterisation of as-sputtered Al-30at.%Cu alloy 
An atomic force image of the magnetron sputtered Al-30at.%Cu alloy is shown in 
Figure 4.16. The surface appears relatively smooth with few protuberances from the 
alloy matrix. The protuberances with an average diameter of about 101 nm (protruding 
about 14 nm above the alloy matrix) are likely individual grains or due to shadowing 
effects. The AFM roughness analysis reveals an arithmetic mean roughness (Ra) of 4.06 
nm, root mean square deviation (Rq) of 5.47 nm and a mean height of 5.11 nm.  
4.6 Crystallographic Measurements by X-ray Diffraction Spectroscopy  
The XRD patterns of as-sputtered specimen recorded on the Y plane between 2θ = 5 
and 850 are shown in Figure 4.17 (a) – 4.17 (e). XRD confirmed the preferred 
orientation of the thin sputtered aluminium films. All specimens demonstrated thin 
films with crystalline aluminium peaks according to PDF 04-0787. Prominent peaks for 
{111} and {200} reflections are highlighted on the plots for superpure aluminium 
(Figure 4.17 (a)). The superpure aluminium film demonstrated the strongest {111} peak 
height. However, as the copper content increases (Figure 4.17 (b) – (e)), this peak 
becomes smaller and less defined due to the appearance of other orientation peaks as 
displayed in Tables 4.6 to 4.10. This reduction in peak intensity for {111} is also an 
indicator of increased disorder in the film due to the change in the orientation of the 
grains as the copper content of the alloy is increased. The intensity of the {111} peak is 
a measure of the preferred orientation of aluminium in the crystalline grains. The 
presence of intermetallic compounds in Al-Cu binary alloys was also confirmed by the 
presence of very fine low XRD reflections with low intensity. The primary aluminium 
(α-Al) solid phase and the secondary θ (Al2Cu) phase were observed to be present in the 
binary aluminium-copper alloys.  
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Table 4.6 Orientation of the as-sputtered superpure aluminium specimen obtained from 
the XRD pattern in Figure 4.17 (a) 
Pos. [°2Th.] h k l Rel. Int. [%] 
34.6128 - 0.05 
38.4979 1 1 1 100.00 
44.7295 2 0 0 22.69 
65.0510 2 2 0 0.63 
78.2045 3 1 1 0.13 
 
Table 4.7 Orientation of the as-sputtered Al-1.0at.%Cu alloy specimen obtained from 
the XRD pattern in Figure 4.17 (b) 
Pos. [°2Th.] h k l Rel. Int. [%] 
20.7627 1 1 0 0.57 
29.5163 - 0.13 
38.4902 1 1 1 69.55 
44.7383 2 0 0 100.00 
47.4093 3 1 0 0.20 
65.0963 2 2 0 14.81 
69.4503 - 0.51 
78.1788 3 1 1 50.06 
78.4317 0 0 4 33.26 
82.3994 1 1 4 8.49 
82.6966 3 2 3 4.99 
 
Table 4.8 Orientation of the as-sputtered Al-5.0at.%Cu alloy specimen obtained from 
the XRD pattern in Figure 4.17 (c) 
Pos. [°2Th.] h k l Rel. Int. [%] 
20.7281 1 1 0 3.85 
29.4166 - 0.60 
38.6300 1 1 1 39.51 
42.1319 2 2 0 1.74 
42.6504 1 1 2 2.47 
44.7240 2 0 0 55.75 
47.4143 3 1 0 2.24 
47.8982 2 0 2 1.74 
57.2221 - 0.26 
61.4472 - 0.16 
65.0962 2 2 0 7.80 
67.1841 - 0.26 
69.4133 - 0.88 
73.5429 - 0.80 
74.2105 - 0.91 
78.1786 3 1 1 100.00 
78.4940 0 0 4 41.64 
82.3732 1 1 4 7.65 
82.7078 3 2 3 3.59 
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Table 4.9 Orientation of the as-sputtered Al-10at.%Cu alloy specimen obtained from the 
XRD pattern in Figure 4.17 (d) 
Pos. [°2Th.] h k l Rel. Int. [%] 
20.7483 1 1 0 0.86 
29.5109 2 0 0 0.16 
38.5590 1 1 1 24.36 
39.8182 - 0.39 
42.1382 - 0.44 
42.6485 1 1 2 0.56 
44.7371 2 0 0 14.53 
47.4611 - 0.51 
47.9684 - 0.33 
57.2087 - 0.06 
61.3043 - 0.05 
65.0865 2 2 0 2.86 
69.4550 - 0.29 
73.6061 - 0.34 
74.2391 - 0.54 
78.1825 3 1 1 100.00 
78.5005 3 3 2 42.02 
82.3860 1 1 4 4.12 
82.7072 3 2 3 2.37 
 
Table 4.10 Orientation of the as-sputtered Al-30at.%Cu alloy specimen obtained from 
the XRD pattern in Figure 4.17 (e) 
Pos. [°2Th.] h k l Rel. Int. [%] 
20.6194 1 1 0 1.01 
38.4590 2 0 0 1.82 
42.5557 1 1 2 6.51 
44.6899 2 0 0 4.89 
47.7594 2 0 2 2.64 
57.3977 - 0.16 
65.0314 2 2 0 100.00 
73.5468 - 0.21 
78.1305 3 1 1 20.49 
 
4.7 Electrochemical Behaviour of Aluminium and Al-Cu Model Alloys 
In considering the mechanisms of inhibition of corrosion by conversion coatings, it is 
important to take into consideration the influences of substrate preparation, since pre-
treatments give rise to different surface topographies which reflects the manner in which 
the substrate material is removed.  
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4.7.1 Open circuit potential measurements 
The potential-time response of superpure aluminium and aluminium-copper model 
alloys in 3.5 wt.% NaCl solution is shown in Figures 4.18 (a) and (b). The variation in 
open circuit corrosion potential with time for magnetron-sputtered superpure aluminium 
and the alloys containing 1, 5, 10, 30 at.%Cu recorded during immersion in naturally 
aerated 3.5 wt.% NaCl solution is shown in Figure 4.18 (a). The superpure aluminium 
electrode initially adopted a potential of -850 mV (SCE). The potential then decreased 
slightly to an approximate value of -900 mV (SCE), after 1000 s of immersion in the 
chloride solution. Thereafter, the potential further decreased to a steady state value of -
1280 mV after 6000 s. There was no fluctuation in the observed potential for the 
aluminium specimen. For the Al-1.0at.%Cu alloy, an initial potential of -744.61 mV 
was observed, followed by a period of rapid potential fluctuations, after which the 
observed potential was nearly steady. Subsequently, there was a steep rise in potential, 
followed by a period of rapid potential fluctuations. In contrast, however, when the 
alloy copper content was further increased, the open circuit potentials were not stable 
with fluctuations in potential being more pronounced.  
Figure 4.18 (b) shows the potential-time response for superpure aluminium and copper-
containing aluminium alloys in nitrogen-deaerated 3.5 wt.% NaCl solution. For 
superpure aluminium, after the initially adopted open circuit potential of -1473 mV 
(SCE) at the time of immersion, the potential increased at a relatively reduced rate to -
1390 mV after 1000 s; thereafter, the potential decreased from the maximum potential 
value over the following 1200 s to a steady state value of -1465 mV. The potential-time 
response of Al-1.0at.%Cu alloy (Figure 4.18 (b)) in nitrogen-deaerated NaCl solution 
shows an initial potential of -900 mV (SCE) at the time of immersion, after which it 
decreased at a steep rate to -1290 mV after 1000 s followed by a period of rapid 
potential fluctuations between -1278.1 mV and -1246.8 mV. The potential of the Al-
5.0at.%Cu alloy electrode at the time of immersion was approximately  -903 mV (SCE). 
The potential dropped rapidly to -1122 mV in the early stages of immersion in sodium 
chloride solution and recovered to -955 mV after 550 s with a subsequent fall to -1135 
mV after 2267 s; this was followed by a slight increase of potential with time up to a 
maximum of -975.6 mV. The potential of the Al-10at.%Cu specimen at the time of 
immersion was -750 mV (SCE). This potential dropped relatively slowly to a minimum 
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value of -960 mV after 3600 s, after which the potential was maintained in the range of -
950 mV to -913 mV over the period of immersion. The potential-time response of Al-
30at.%Cu in 3.5 wt.% sodium chloride solution shows an initial potential of -885 V 
(SCE) at the time of immersion, followed by a period of rapid potential fluctuations 
between -765 mV and -860 mV. 
The open-circuit corrosion potential of the as-sputtered specimens was obtained from 
ACM polarisation data analysis software over the 2 hours immersion period in 3.5 wt% 
NaCl solution. Figure 4.19 illustrates the relationship between the average open-circuit 
corrosion potential and Al-Cu alloy composition. The results obtained for the superpure 
aluminium and copper-containing aluminium alloys over a period of 2 hours immersion 
in deaerated 3.5 wt% NaCl solution revealed that the average potential of the aluminium 
alloys became increasingly positive as the copper content was increased. 
4.8 Cathodic Polarisation 
The cathodic polarisation sweeps obtained for the magnetron-sputtered superpure 
aluminium and selected Al-Cu alloys in aerated 3.5 wt.% NaCl solution are shown in 
Figure 4.20. For the superpure aluminium specimen, a rapid increase in current density 
was initially observed close to the open-circuit potential. The cathodic polarisation 
response revealed a diffusion controlled process from the open circuit potential of -1255 
mV to –1500 mV. After -1500 mV, a second cathodic process, i.e. hydrogen evolution 
commenced. However, the behaviour of the copper-containing alloys revealed a strong 
diffusion controlled process with relatively small increase in current density being 
observed for a little increase in potential.  
An electrode reaction is considered to be under “diffusion control” when the overall rate 
of the reaction is controlled by the rate of the diffusion of the reactants to 
the electrode surface rather than the rate of the reaction itself. This condition occurs 
when the diffusion rate is much slower than the reaction rate and the diffusion process 
cannot make the reactants available sufficiently to the electrode surface. The presence 
of a current density plateau in cathodic polarisation curve indicates that diffusion of 
oxygen towards the electrode surface acts as the rate-controlling step of the cathodic 
reaction [283]. The cathodic process during aluminium corrosion in aerated sodium 
chloride solution is dominated by diffusion of the dissolved oxygen towards the 
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aluminium electrode surface and the reduction of oxygen (equation 4.1) and then 
followed by hydrogen evolution.  
O2 + 2H2O + 4e- → 4OH-        (4.1) 
In Figure 4.20, the cathodic polarisation responses of the Al-Cu binary alloys were 
similar since diffusion controlled cathodic reactions appeared to be predominant. The 
polarisation curves obtained for the Al-Cu alloys were observed to be under strong 
diffusion control compared with that of the superpure aluminium specimen. Hence, the 
cathodic responses of the alloys show a strong diffusion controlled behaviour, with only 
a very small increase in current density being observed for a large increase in potential. 
A further effect of increasing the copper content of the alloy was to shift the cathodic 
polarisation curves to progressively higher current densities as shown in Figure 4.20.  
4.9 Anodic Polarisation 
The anodic polarisation sweeps obtained for sputter-deposited superpure aluminium and 
aluminium-copper alloys after 2 hours immersion in 3.5 wt.% NaCl solution are shown 
in Figure 4.21. The polarisation curves clearly show a passive current density of 
approximately 1.65×10-7 A/cm for superpure aluminium specimen.  
Figure 4.21 showed that as the alloy copper content was increased the anodic 
polarisation curves were shifted to higher potential. The relationship between the 
corrosion current density and the open circuit potentials of the as-sputtered specimens 
after immersion in deaerated NaCl solution for 2 hours is shown in Figure 4.22. The 
plot obtained for the aluminium-copper alloys indicates that as the alloy copper content 
increases, the corrosion current density increases and the open circuit potential becomes 
more positive as well.  
4.10 Discussion 
4.10.1 Atomic force microscopy 
Atomic force microscopy imaging of sputter-deposited superpure aluminium, Al-
1.0at.%Cu, Al-5.0at.%Cu, Al-10at.%Cu and Al-30at.%Cu alloy revealed characteristic 
faceted textures. The height profiles of the resultant AFM images revealed that the 
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surface of the superpure aluminium presents higher roughness than the Al-Cu alloys as 
shown by the average roughness (Ra) and RMS roughness (Rq) values which is higher 
than that reported for copper-containing aluminium alloys. The AFM images obtained 
for the specimens confirm that grain refinement is achievable in sputtered deposited 
aluminium films with small amount of solute additions. The solute additions (copper), 
affects the grains by reducing grain size and thus reducing surface topography. The 
effect of copper solute addition on aluminium films is clearly evident. All measured 
aluminium-copper alloys shows markedly reduced levels of surface roughness 
compared with sputter-deposited superpure aluminium. 
4.10.2 Open circuit potential and polarisation processes 
The electrochemical potential of binary alloys is related to the thermodynamic 
equilibrium potentials of the two components of the alloy [284]. Hence, the 
electrochemical potential adopted by the binary alloy will be located between the 
potential values of the parent metals. The standard hydrogen electrode (SHE) potential 
for aluminium is -1.706V (SHE) and it is +0.34 (SHE) for copper, which is much more 
positive than aluminium. Therefore, thermodynamically, the addition of copper in the 
aluminium-copper alloys increased the open-circuit potential in the positive direction as 
shown by Figure 4.18 (b). Accordingly, the addition of copper to the sputtered 
aluminium deposits produced alloys which adopted open-circuit corrosion potentials 
that were positive compared to that of superpure aluminium but were negative with 
respect to that of pure copper. Thus, the potential-time measurements and polarisation 
behaviour revealed that percentage weight composition of aluminium-copper alloys 
influences the behaviour of the alloys in chloride environment with pitting potential 
increasing with increasing copper content of the alloys. While a stable potential value 
was observed for the superpure aluminium specimen, the copper-containing aluminium 
alloys behaved differently, since the open circuit potentials did not stabilise, but 
continued to oscillate, with the potential drift following a positive trend. However, the 
Al-30at.%Cu alloy behaved differently from the other aluminium alloys with moderate 
levels of copper content in that following a steep rise in potential (Figure 4.18 (b)), a 
period of rapid potential fluctuation was observed. These fluctuations in open circuit 
potential are usually attributed to the effect of localised corrosion such as pitting attack.  
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The corrosion behaviour of aluminium is highly dependent on the properties of the air-
formed oxide film that forms on its surface. The Pourbaix diagram (see Figure 2.3) 
shows that aluminium exposed to de-ionised water of pH 4 to 7 would form protective 
barrier film of Al2O3, which reduces corrosion activity. Pourbaix reported that the 
quality of the oxide films varies notably in its degree of hydration and porosity even 
within the passive region. Extensive studies have been carried out on the protective 
properties of the air-formed films on aluminium surfaces [285-287]. Pits have been 
found to almost always initiate at some chemical or physical heterogeneity at the 
surface, such as inclusions, second phase particles, solute-segregated grain boundaries, 
flaws etc. Models for flaws are generally held to be associated with heterogeneity, either 
compositional or mechanical in the aluminium substrate. Wood et al [286, 288] 
observed that the pitting of aluminium is usually initiated at such flaws. When 
aluminium is immersed in an environment conducive to pitting attack, all flaws in the 
air-formed film can be considered as potential pit sites. The “residual” flaws which are 
associated with impurity segregates in the aluminium substrate tend to be predominantly 
cathodic in nature. The “mechanical” flaws on the other hand, possess a smaller, yet 
appreciable cathode-anode area ration and are considered to provide preferential sites 
for the immediate propagation of pits. Undermining of the passive film may occur if the 
film has pores in it which expose the aluminium substrate to the aggressive chloride 
solution. In such situations, the aluminium can dissolve both at the bottom of the pores 
and between the film and the metal which loosens the oxide by undermining and this 
eventually leads to its removal. The predicted effects of flaws [286] on the potential of 
air-formed films on aluminium substrate is consistent with the observed potential 
response of the superpure aluminium electrode immersed in deaerated 3.5 wt.% NaCl 
solution. Hence, this is definitive proof of flaw effects on the measured potential of air-
formed oxide is consistent with the Wood Model. 
The cathodic polarisation curves of the specimens (Figure 4.20) showed that copper acts 
to increase the cathodic kinetics. In superpure aluminium specimen, a diffusion control 
which is related to oxygen reduction as well as a second cathodic process involving 
hydrogen evolution is evident. The cathodic polarisation behaviour of copper-
containing aluminium alloys revealed an increase in the cathodic current density as the 
copper content of the alloy is raised. This may be related to the increased rate of oxygen 
diffusion through the less protective oxide film formed on aluminium-copper alloys. 
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Mansfeld et al. [289] employed similar arguments to explain the difference in corrosion 
rates between aluminium alloys where none should be found in view of the fact that 
their corrosion reactions were under cathodic control. The authors proposed that 
differences in efficiency for oxygen reduction on individual aluminium alloys could 
also account for the difference in their corrosion rates. 
An examination of the anodic polarisation behaviour of as-sputtered superpure 
aluminium and aluminium-copper alloys (Figure 4.21) revealed the presence of an 
extensive passive region in superpure aluminium and Al-1.0at.%Cu specimens. 
However, the higher the copper levels of the aluminium alloys, the lower the passive 
region observed in the polarisation curves. The Al-30at.%Cu specimen did not exhibit 
passive corrosion behaviour. The relatively smooth character of the polarisation curves 
for superpure aluminium and aluminium alloys (with low copper levels) in the passive 
region suggests there is much less metastable pit formation below the pitting potential, 
since “noise” in the passive region of the polarisation curves is usually interpreted 
physically as the formation of metastable pits that are subsequently repassivated [100]. 
The pitting potential of aluminium was found to increase as the copper content of 
aluminium alloy is raised with exception of the Al-30at.%Cu alloy where pitting 
occurred almost after polarisation. The effect is stronger for the first 1% copper 
addition, with the pitting potential becoming almost linear for higher copper contents 
with the pitting potential value being limited by solubility of copper in aluminium. This 
is due to the fact that at higher concentration the solubility of copper in aluminium is 
exceeded, and two different phases of aluminium system is formed which is composed 
of a solid solution of aluminium-copper with copper content changing with temperature 
but always less than 5.65 wt% copper [29] and the second phase will be the 
intermetallic CuAl2. The results obtained in the present study were also observed for 
aluminium-copper alloys by Galvele et al. [29, 169]. The authors indicated that the 
addition of alloying elements to aluminium increases the pitting potential due to the fact 
that copper is enriched on the surface of incipient pits, resulting in faster hydrogen 
reduction kinetics than on pure aluminium surfaces. This consequently increases the 
dissolution kinetics by depolarisation of the hydrogen reduction reaction, which results 
in the observed increase in pitting potential of copper-containing aluminium alloys. The 
literature contains several reports of copper surface enrichment by corrosion of copper-
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containing aluminium alloys [162, 290]. Many of these reports involve the phenomenon 
of deposition corrosion [290], which arises from the dissolution and redeposition of 
copper on a corroding aluminium alloy surface. Ramgopal and Frankel [171] also 
developed a clearer interpretation of the inhibiting effect of copper in Al-Cu solid 
solutions based on the measurement of the anodic polarisation response of artificial 
crevices using a decreasing potential scanning approach. Based on their results, copper 
increases the aluminium dissolution kinetics by increasing the exchange current density 
and the Tafel slope of the dissolution partial reaction. This increases the repassivation 
potential and reduces the dissolution kinetics producing the observed inhibiting effect.  
It can be seen from Figure 4.21 that in deaerated sodium chloride solution the corrosion 
potential of the Al-1.0at.%Cu alloy was significantly shifted to more negative potential 
values compared with those in aerated solution (Figure 4.20). This phenomenon 
indicates that in aerated sodium chloride solution, oxygen reduction taking place on the 
Al-1.0at.%Cu alloy surface is the cathodic process determining the open circuit 
potential of the alloy. On the other hand, the open circuit potential of all other 
specimens changed far less as a result of the exclusion of air, revealing that reduction of 
dissolved oxygen is a slow process on the surfaces. 
Sputter-deposited aluminium alloys have been found to exhibit dramatic increase in 
pitting potential [44, 57]. A few atomic percentage of metal solute will increase the 
pitting potential by around 200 mV and increases over 1 V are possible with higher 
amounts of alloying. Explanations for the improvement in pitting resistance conferred 
on aluminium by this non-equilibrium alloying have been offered based on influences 
on the composition and protectiveness or pH of zero charge of the passive film [291], 
the solubility of dissolved species in the pit solution [292], enrichment of the solute 
species at the active surface in a pit [293], and decreases in the pit dissolution kinetics 
[294]. On the other hand, studies conducted in the literature have found that 
microsegregation of copper and iron impurities at nodes in high purity aluminium was 
sufficient to increase the tendency for pitting corrosion at open circuit [291].  In reality, 
no pitting resistant alloy can be produced by alloying aluminium since a pitting 
potential higher than + 0.81 V would be necessary in aerated condition (in the presence 
of oxygen) [29]. However, the effect of copper on the pitting potential of copper-
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containing aluminium alloys is of particular interest since it gives a clue for the possible 
mechanism of pitting.  
4.11 Summary 
In the present study, the effects of the alloying element copper on aluminium-copper 
solid solution alloys were investigated in order to elucidate the role of copper on 
localised corrosion of aluminium alloys. The following are key findings: 
1. From open circuit corrosion potential measurements conducted in 3.5 wt% NaCl 
solution, it was found that sputter deposited aluminium alloys becomes 
progressively more active as the alloy copper content is increased. 
2. Based on the pitting potentials obtained for the solid-solution aluminium-copper 
alloys, these alloys are less susceptible to pit initiation compared with 
aluminium in its pure state provided that the alloyed copper is retained in solid 
solution. This effect is evident in the present work with pitting potential 
increasing with copper content in aluminium-copper solid solution alloys. 
3. The corrosion rates of aluminium-copper alloys containing up to 30% by weight 
copper were found to increase with increasing copper content indicating that the 
corrosion resistance of aluminium alloys will decrease with increasing copper 
content. This effect was attributed to galvanic cells created by formation of 
minute copper particles or films deposited onto the alloy surface as a result of 
corrosion. 
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Figure 4.1 Optical micrographs of (a) superpure aluminium (b) Al-1.0at.%Cu (c) Al-
5.0at.%Cu (d) Al-10at.%Cu and (e) Al-30at.%Cu alloy 
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Figure 4.2 Scanning electron micrograph of as-sputtered superpure aluminium 
 
 
 
 
 
 
 
 
 
 
Figure 4.3 Scanning electron micrograph of as-sputtered Al-1.0at.%Cu alloy 
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Figure 4.4 Scanning electron micrograph of as-sputtered Al-5.0at.%Cu alloy 
 
 
 
 
 
 
 
 
 
Figure 4.5 Scanning electron micrograph of as-sputtered Al-10at.%Cu alloy 
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Figure 4.6 Scanning electron micrograph of as-sputtered Al-30at.%Cu alloy 
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Figure 4.7 Transmission electron micrograph of superpure aluminium 
 
 
Figure 4.8 Transmission electron micrograph of the Al-1.0at.%Cu alloy 
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Figure 4.9 Transmission electron micrograph of the Al-5.0at.%Cu alloy 
 
 
Figure 4.10 Transmission electron micrograph of the Al-10at.%Cu alloy 
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Figure 4.11 Transmission electron micrograph of the Al-30at.%Cu alloy 
80 nm 
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Figure 4.12 AFM images of the surface of a magnetron sputtered superpure aluminium; 
(a) height image; (b) 2-dimensional image; (c) 3-dimensional topographic image 
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Figure 4.13 AFM images of the surface of a magnetron sputtered Al-1.0at.%Cu alloy; 
(a) height image; (b) 2-dimensional image; (c) 3-dimensional topographic image 
(a) (b) 
(c) 
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Figure 4.14 AFM images of the surface of a magnetron sputtered Al-5.0at.%Cu alloy; 
(a) height image; (b) 2-dimensional image; (c) 3-dimensional topographic image 
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Figure 4.15 AFM images of the surface of a magnetron sputtered Al-10at.%Cu alloy; 
(a) height image; (b) 2-dimensional image; (c) 3-dimensional topographic image 
(a) (b) 
(c) 
159 
 
 
 
 
 
 
 
Figure 4.16 AFM images of the surface of a magnetron sputtered Al-30at.%Cu alloy; 
(a) height image; (b) 2-dimensional image; (c) 3-dimensional topographic image 
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Figure 4.17 (a) XRD Spectrum of Superpure Aluminium  
Pattern List:  
 
Visible Ref. Code Compound 
Name 
Displacemen
t [°2Th.] 
Scale Factor Chemical 
Formula 
* 00-004-0787 Aluminum, 
syn 
0.000 0.795 Al 
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Figure 4.17 (b) XRD Spectrum of the Al-1.0at.%Cu alloy 
Pattern List:  
 
Visible Ref. Code Compound 
Name 
Displacement 
[°2Th.] 
Scale Factor Chemical 
Formula 
* 04-001-0564 Aluminum, 
syn 
0.000 0.395 Al 
* 04-001-0923 Khatyrkite, 
syn 
0.000 0.016 Cu Al2 
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Figure 4.17 (c) XRD Spectrum of the Al-5.0at.%Cu alloy 
Pattern List:  
 
Visible Ref. Code Compound 
Name 
Displacement 
[°2Th.] 
Scale Factor Chemical 
Formula 
* 04-001-0564 Aluminum, 
syn 
0.000 0.598 Al 
* 04-001-0923 Khatyrkite, 
syn 
0.000 0.044 Cu Al2 
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Figure 4.17 (d) XRD Spectrum of the Al-10at.%Cu alloy 
Pattern List:  
 
Visible Ref. Code Compound 
Name 
Displacement 
[°2Th.] 
Scale Factor Chemical 
Formula 
* 04-001-0564 Aluminum, 
syn 
0.000 0.395 Al 
* 04-001-0923 Khatyrkite, 
syn 
0.000 0.016 Cu Al2 
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Figure 4.17 (e) XRD Spectrum of the Al-30at.%Cu alloy 
Pattern List:  
 
Visible Ref. Code Compound 
Name 
Displacemen
t [°2Th.] 
Scale Factor Chemical 
Formula 
* 00-004-0787 Aluminum, 
syn 
0.000 0.200 Al 
* 04-007-0566 Khatyrkite, 
syn 
0.000 0.036 Cu Al2 
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Figure 4.18 (a) Potential-time response of sputter-deposited superpure aluminium and 
model aluminium-copper alloys in 3.5% NaCl.  
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Figure 4.18 (b) Potential-time response of sputter-deposited superpure aluminium and 
model aluminium-copper alloys in deaerated 3.5% NaCl. 
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Figure 4.19 The relationship between average open-circuit potential and alloy 
composition for magnetron sputtered superpure aluminium and model aluminium-
copper alloys, determined over 2 hours in 3.5 wt% NaCl solution. 
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Figure 4.20 Cathodic polarisation behaviour of magnetron-sputtered superpure 
aluminium, Al-1.0at.%Cu, Al-5.0at.%Cu, Al-10at.%Cu and Al-30at.%Cu alloys in 
aerated 3.5 wt.% NaCl solution 
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Figure 4.21 Anodic polarisation behaviour of magnetron-sputtered superpure 
aluminium, Al-1.0at.%Cu, Al-5.0at.%Cu, Al-10at.%Cu and Al-30at.%Cu alloys in 
aerated 3.5 wt.% NaCl solution. 
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Figure 4.22 The relationship between corrosion current density and open-circuit 
corrosion potential for sputter-deposited Al-Cu alloys determined after 2 h immersion in 
deaerated NaCl solution. Atomic % copper content of each alloy is shown in brackets. 
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CHAPTER 5 
5 ZIRCONIUM-BASED CONVERSION COATING ON 
ALUMINIUM AND ALUMINIUM-COPPER MODEL ALLOYS 
5.1 Introduction 
Commercially important aluminium alloys are usually alloyed with copper. These alloys 
have widespread applications, especially in the automotive and aerospace industry due 
to a good combination of cost, strength and light weight. Due to the high alloying 
element content, the fraction of intermetallic particles can be higher. These particles are 
electrochemically noble with respect to the aluminium matrix, and thus lead to local 
cathodic corrosion, thereby creating difficulties in surface finishing.  
In many aqueous surface finishing procedures including conversion coatings, the 
presence of copper in the alloy substrate can be problematic. During conversion coating, 
the surface of copper-containing aluminium alloys become enriched with copper 
compounds, occasionally including metallic copper which are collectively referred to as 
“smut”. Copper smut interferes with conversion coating formation and with bonding of 
subsequently applied adhesives and paint [295, 296]. As a result of this, any coating 
(such as conversion coating) may contain defects such as insufficient coverage and non-
uniform deposition on or near the intermetallic particles present in the alloy substrate. 
The push to replace chromium-based conversion coatings with environmentally-friendly 
conversion coatings that can provide similar levels of corrosion protection as CCCs has 
led to the development of a variety of conversion coating processes, with the resultant 
chemistry and performance having been widely reported. One such non-chromium 
formulation incorporates a zirconium salt, boric acid and a source of fluoride in the 
coating bath solution. This type of coating is a relatively recent development, and not 
much has been published about its morphology, composition and the influence of 
alloying elements on coating development on alloy substrates.  
In the present study, morphological characterisation of zirconium-based conversion 
coatings on superpure aluminium and model binary aluminium-copper alloy is analysed 
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using several analytical tools. The aim of this study is to develop a better understanding 
of the role of alloy copper content in corrosion protection performance of zirconium-
based conversion coating developed on superpure aluminium and aluminium-copper 
alloys with varying copper levels. 
In this chapter, the surface morphology and composition of zirconium-based conversion 
coatings formed on magnetron-sputtered superpure aluminium and copper-based 
aluminium alloys were considered. 
5.2 Composition and Characteristics of the Coating Electrolyte 
The coating bath used in this study was prepared by dissolving 0.0014 M H2ZrF6, 5 g/l 
H2BO3, 10 g/l KNO3 in deionised water and the bath chemistry was adjusted to a pH of 
2.6 using approximately 0.4 ml HNO3 [4N]. Specimens were immersed in the 
conversion coating bath for 30, 60, 180, 300 or 600 seconds. After coating, specimens 
were rinsed with deionised water and dried with cool air stream before any further 
surface testing. Treated specimens were stored in a desiccator in order to minimise 
aging effects. 
5.3 Coating Development 
In order to examine the initial stages of coating growth, the potential of selected 
specimens was measured initially in the conversion solution. The deposition of 
zirconium conversion coating was studied by monitoring the open-circuit potential of 
superpure aluminium in the zirconium-based bath as a function of immersion time as 
shown in Figure 5.1. For the as-sputtered superpure aluminium specimen, the OCP was 
initially approximately -1750 mV (SCE) within the first few seconds of immersion in 
the zirconium bath solution. The OCP then increased from -1750 mV (SCE) to a 
maximum value of 169.4 mV (SCE) (A→B) after 25 s of immersion. After the peak 
value, the potential then decreased gradually to attain a steady value of 110.65 mV 
(SCE) after 60 s of immersion (B→C). Finally, the OCP was stable for the longer 
immersion times except for the sudden peak (C→D) observed after 110 s of immersion 
in the conversion bath. Based on the curve, the surface alumina was immediately 
thinned to expose the aluminium substrate as soon as the specimen was immersed into 
the zirconium bath resulting in the gradual formation of conversion film on the 
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specimen. At stage (B→C), the conversion film formed was improved further until the 
dynamic balance of film dissolution and formation was established. As a result, the 
OCP nearly kept a steady value with increased times of immersion. 
5.3.1 Morphologies of coatings 
In order to reveal the surface morphology and to quantify the thickness of the coatings 
formed by immersion of the specimens for various times in the conversion treatment 
solution, transmission electron microscopy (TEM) and atomic force microscopy (AFM) 
analytical techniques have been employed to examine the coatings developed. A study 
of the formation of zirconium-based conversion coatings on superpure aluminium and 
copper-containing aluminium alloys, with specific interest in the influence of immersion 
time on the rate of coating development has been carried out. Relatively short 
immersion times of 30 s and 60 s were employed to enable focus on the initial 
development of coatings and to gain insight into the relationship between the preferred 
sites for coating development.  
5.3.1.1 Coatings developed on superpure aluminium 
5.3.1.1.1 Surface characterisation by transmission electron microscopy   
The influence of conversion time on the thickness of the formed layer was studied by 
means of transmission electron microscopy. The conversion film is essentially 
amorphous. Figure 5.2 (a) – (e) shows the transmission electron micrographs of the 
superpure aluminium specimens after sputter deposition and conversion treatment in 
zirconium-based conversion coating. The micrograph of the as-sputtered specimen, 
Figure 4.7, shows that the thickness of the sputtered layer is 437.5 ± 12.5 nm. Figure 5.2 
(a) shows a TEM cross-section of the superpure aluminium specimen after conversion 
treatment for 30 s. The transmission electron micrograph reveals a limited coating 
growth and the total sputtered layer consumed was 25.0 nm. In Figure 5.2 (b), the 
transmission electron micrograph shows that the conversion coating thickness on the 
superpure aluminium substrate (after 60 s of immersion) is uniform. After 180 s of 
immersion in the conversion solution, (Figure 5.2 (c)) a uniform coating thickness of 
approximately 112.5 nm was observed. The total sputtered substrates consumed in the 
conversion process are shown graphically in Figure 5.3 (a). It can be seen from the 
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graph that the thinning of the aluminium substrate is fastest (0.83 nm s-1) in the first 30 s 
of immersion, followed by slower rates of thinning (between (0.31 – 0.08 nm s-1)  for 
longer time of  immersion in the conversion bath. Thus, it is evident that the longer the 
specimens were immersed in the conversion bath solution, the greater the aluminium 
substrate consumed in forming the conversion coating on the aluminium specimens. 
The coating thickens rapidly within the first 30 s of immersion at a rate of 1.46 nm s-1 as 
shown in Figure 5.3 (b). 
5.3.1.1.2 Surface characterisation by atomic force microscopy   
AFM images of the coatings formed on superpure aluminium substrates after immersion 
in the conversion coating solutions for 30, 60, 180, 300 and 600 s are displayed in 
Figures 5.4 – 5.8. The roughness of coatings formed at relatively short immersion times 
are less than those formed at longer time of immersion. Since the aluminium substrate is 
uneven and the conversion coating film is too thin to cover the roughness of the 
superpure aluminium substrate, the topography of the specimen reflects the underlying 
roughness in the AFM images. After 60 s (Figure 5.5) of immersion in zirconium-based 
conversion bath solution, some nodules were observed on the surface of the aluminium 
specimen. Larger nodules are seen on the surfaces treated for longer immersion times 
than the nodules formed on the surfaces treated for lower time of immersion. The coated 
surfaces became relatively rough as a result of the formation of the conversion coatings 
on the faceted surfaces. The surface roughness increased considerably as a result of 
longer time of immersion in the bath solution as shown by the arithmetic mean 
roughness (Ra) and RMS roughness (Rq) values reported in Table 5.1. However, after an 
increased time of immersion of 600 s, the AFM image (Figure 5.8) disclosed regions of 
the surface from which most of the original coating material had been lost and adjacent 
regions with original coating material still present, hence the reduction in the roughness 
parameters. 
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Table 5.1 Roughness parameters of the superpure aluminium specimens calculated from 
whole three-dimensional data sets.  
Time of immersion Arithmetic mean roughness (Ra) RMS roughness (Rq) 
0 s 11.36 nm 14.47 nm 
30 s 15.00 nm 19.50 nm 
60 s 24.40 nm 34.90 nm 
180 s 25.10 nm 36.80 nm 
300 s 46.20 nm 66.10 nm 
600 s 9.14 nm 13.00 nm 
 
5.3.1.2 Coatings developed on the Al-1.0at.%Cu alloy 
5.3.1.2.1 Surface characterisation by transmission electron microscopy 
Figures 5.9 (a) – (e) display the transmission electron micrographs of the 
ultramicrotomed sections of the coating developed on Al-1.0at.%Cu substrate after 
immersion for 30 – 600 s in the conversion coating bath. The micrographs revealed the 
sputtered deposited substrate and growth of the coating with increasing time of 
conversion treatments. The average thickness of the sputter deposited Al-1.0at.%Cu 
alloy (Figure 4.8) is 437.5 ± 6.2 nm. Figures 5.9 (a) - (e) reveals progressive loss of the 
alloy substrate with increasing time of immersion in comparison with the initial alloy. 
The relationship between the total sputtered substrate consumed with immersion time in 
the conversion treatment process is shown in Figure 5.10 (a). The loss of the alloy 
substrate is fastest (1.25 nm s-1) in the first 60 s of immersion, during which about 56.3 
nm of the alloy was consumed. The rate then reduces to an approximately constant 
value of 0.21 nm s-1 between 60 and 300 s. This later reduces to approximately 0.13 nm 
s-1 between 300 and 600 s, the longest immersion time. The coating correspondingly 
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thickens rapidly in the first 30 s, forming a layer of thickness about 25 nm (Figure 5.10 
(b)) at an average rate of 0.83 nm s-1. Thereafter, the coating growth rate slows 
substantially, with a thickness of 112.5 nm achieved at 600 s, at an average rate of 0.13 
nm s-1. It is evident from the TEM results that the longer the specimens were immersed 
in the zirconium bath, the greater the loss of aluminium substrate consumed in the 
growth of the conversion coating. 
5.3.1.2.2 Surface characterisation by atomic force microscopy  
Figures 5.11 – 5.15 show the typical AFM images of the conversion coated Al-
1.0at.%Cu substrates after immersion in the zirconium-based conversion coating baths 
for 30, 60, 180, 300 and 600 s. The roughness of coatings formed at relatively short 
immersion times are less than those formed at longer time of immersion. After 30 s 
(Figure 5.11) of immersion in zirconium-based conversion bath solution, some nodules 
were observed on the alloy surface. These nodules increased with increasing treatment 
times. The coated surfaces became relatively rough as a result of the formation of 
conversion coatings. The surface roughness increased slightly with immersion time in 
the first 60 s of treatment, but at longer immersion times, the surface roughness reduces 
as shown by the arithmetic mean roughness (Ra) and RMS roughness (Rq) values 
reported in Table 5.2. The smaller RMS roughness values suggest the smoothness of the 
coatings formed on the alloy surface. These results confirm the results obtained from 
the TEM characterisation which revealed that coating thickens with increasing time of 
treatment.  
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Table 5.2 Roughness parameters of the Al-1.0at.%Cu alloy calculated from whole three-
dimensional data sets.  
Time of immersion Arithmetic mean roughness (Ra) RMS roughness (Rq) 
0 s 4.24 nm 5.47 nm 
30 s 7.89 nm 11.50 nm 
60 s 15.30 nm 22.70 nm 
180 s 13.50 nm 19.60 nm 
300 s 6.73 nm 9.03 nm 
600 s 7.78 nm 9.85 nm 
 
5.3.1.3 Coatings developed on the Al-5.0at.%Cu alloy 
5.3.1.3.1 Surface characterisation by transmission electron microscopy 
Transmission electron micrographs reveal thinning of the sputter-deposited Al-
5.0at.%Cu alloy and growth of the coating with increasing treatment times in 
zirconium-based conversion treatment bath solution (Figures 5.16 (a) – (e)).  The 
average thickness of the sputter deposited Al-5.0at.%Cu alloy (Figure 4.9) is 487.5 ± 
6.25 nm. The loss of the alloy substrate is fastest (0.42 nm s-1) in the period from 30 s to 
60 s of treatment in the conversion coating bath, followed by a slower, approximately 
constant rate of thinning of 0.16 nm s-1 after 180 and 300 s time of immersion (Figure 
5.17 (a)). The coating correspondingly thickens rapidly in the first 60 s, forming a layer 
of thickness about 25 nm (Figure 5.17 (b)) at an average rate of 0.42 nm s-1. Thereafter, 
the coating growth rate slows substantially, with a thickness of 62.5 nm achieved at 180 
s, at an average of about 0.16 nm s-1. However, at longer times of immersion the 
coatings are greatly reduced in thickness as shown by Figure 5.17 (b). 
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5.3.1.3.2 Surface characterisation by atomic force microscopy  
The AFM images shown in Figures 5.18 – 5.22 correspond to exposure times of 30 s, 
60, 180, 300 and 600 s in the conversion bath solution respectively. The surface 
morphology of the conversion treated surfaces were observed and characterised by 
roughness analysis in order to understand the effect of longer treatment times on the Al-
5.0at.%Cu alloy. The immersion in the zirconium-based bath solution for 30 s (Figure 
5.18) leads to some nodules being observed on the alloy surface. These nodules 
increased with increasing treatment times. When the duration of the conversion 
treatment process was increased to 60 s, some isolated and oval-shaped deposits are 
observed on the surface (Figure 5.19). These deposits can be attributed to the 
precipitation of zirconium hydroxide/oxide. A further prolonging of immersion of alloy 
substrate in the conversion bath solution for up to 180 s causes the formation of clusters 
of nodules on the surface of the treated alloy as observed in the topographic image of 
Figure 5.20. Hence, after 180 s of immersion the conversion coating bath, several layers 
of spherical particles which coalesce were observed.  
The surfaces morphology of the coated surfaces were observed and characterised by 
roughness analysis. The roughness values of the untreated and treated specimens 
displayed in Table 5.3 shows the increase in surface roughness with increasing time of 
immersion. This increase in surface roughness is as a result of the formation of 
conversion coatings. The surface roughness reduce slightly after 60 s of treatment, but 
at longer immersion times (with the exception of specimen treated for 600 s), the 
surface roughness increases as shown by the arithmetic mean roughness (Ra) and RMS 
roughness (Rq) values reported in Table 5.3.  
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Table 5.3 Roughness parameter of the Al-5.0at.%Cu alloy calculated from whole three-
dimensional data sets.  
Time of immersion Arithmetic mean roughness (Ra) RMS roughness (Rq) 
0 s 7.36 nm 9.65 nm 
30 s 11.60 nm 15.90 nm 
60 s 8.40 nm 11.30 nm 
180 s 11.60 nm 17.80 nm 
300 s 14.00 nm 18.50 nm 
600 s 6.55 nm 8.96 nm 
 
5.3.1.4 Coatings developed on the Al-10at.%Cu alloy 
5.3.1.4.1 Surface characterisation by transmission electron microscopy 
Transmission electron micrographs reveal thinning of the sputter-deposited Al-
10at.%Cu alloy and growth of the coating with increasing treatment times in zirconium-
based conversion treatment bath solution. The transmission electron micrographs reveal 
the sputtered deposited substrate and growth of the coating with increasing time of 
conversion treatments (Figures. 5.23 (a) - (e)). The thickness of the as-sputtered Al-
10at.%Cu alloy (Figure 4.10) is 362.5 ± 6.25 nm. Figures 5.23 (a) - (e) reveals 
progressive loss of the alloy substrate with increasing time of immersion in comparison 
with the initial alloy shown in Figure 4.10. The loss of the alloy substrate is fastest (0.58 
nm s-1) in the first 30 s of immersion, during which about 17.5 nm of the alloy was 
consumed (Figure 5.24 (a)). The rate then reduces to 0.5 nm s-1 after the first 60 s of 
treatment time. This rate later reduces to 0.04 nm s-1 between 180 and 300 s after which, 
increasing the treatment time has no effect on the matrix consumed. The coating formed 
on the alloy substrate correspondingly thickens rapidly in the first 30 s, forming a layer 
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of thickness about 20 nm (Figure 5.24 (b)) at an average rate of 0.67 nm s-1. Thereafter, 
the coating growth rate slows substantially, with a thickness of 40 nm achieved at 300 s, 
at an average of about 0.04 nm s-1, after which any increase in the immersion time has 
no effect on the coating thickness. It is evident from the TEM results that the longer the 
specimens were immersed in the zirconium bath, the greater the loss of aluminium 
substrate consumed in the growth of the conversion coating. 
5.3.1.4.2 Surface characterisation by atomic force microscopy  
The AFM topographic images of the Al-10at.%Cu alloy after immersion in zirconium-
based conversion coating solution is shown in Figures (5.25) – (5.29). Increasing the 
time of immersion in the conversion solution (60 s and above) give rise to the formation 
of nodules which increases as the treatment time of the alloys increases. Finally, after 
300 s (Figure 5.28) and 600 s (Figure 5.29) of exposure to the zirconium-based 
conversion bath, the coating formed on the Al-10at.%Cu alloy surface consists of 
appreciable clusters of nodules. 
The roughness values of the untreated and treated specimens displayed in Table 5.4 
shows an increase in surface roughness with increasing time of immersion. This 
increase in surface roughness is as a result of the formation of conversion coatings. The 
surface roughness values between 60 s  and 300 s of immersion is almost constant, 
while at longer immersion times (600 s), the surface roughness increases as shown by 
the arithmetic mean roughness (Ra) and RMS roughness (Rq) values reported in Table 
5.4.  
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Table 5.4 Roughness parameter of the Al-10at.%Cu alloy calculated from whole three-
dimensional data sets.  
Time of immersion Arithmetic mean roughness (Ra) RMS roughness (Rq) 
0 s 5.30 nm 6.62 nm 
30 s 7.27 nm 9.46 nm 
60 s 15.00 nm 23.10 nm 
180 s 15.50 nm 23.90 nm 
300 s 15.60 nm 27.20 nm 
600 s 23.60 nm 35.30 nm 
 
5.3.1.5 Coatings developed on the Al-30at.%Cu alloy 
5.3.1.5.1 Surface characterisation by transmission electron microscopy 
Figures 5.30 (a) – (e) show transmission electron micrographs of the Al-30at.%Cu alloy 
specimens after sputter deposition and immersion in the zirconium-based bath. The 
comparison of the as-sputtered specimen with the specimens treated in the zirconium 
bath shows a progressive loss of aluminium substrate with increasing immersion time. 
The micrograph of the as-sputtered specimen (Figure 4.11) reveals the thickness of the 
alloy is 337.5 ± 12.5 nm.  Similar to the previous trend, Figure 5.31 (a) shows that the 
loss of alloy substrate is fastest in the first 30 s of immersion (0.83 nm s-1), followed by 
a slower rate of loss of substrate (0.52 nm s-1), after which the conversion treatment of 
the Al-30at.%Cu alloy then proceeded at a relatively constant rate of 0.03 nms-1 after 
180 s of treatment time. With the Al-30at.%Cu alloy, a thin zirconium-based coating 
forms initially, leading to enrichment of copper in the alloy immediately beneath the 
coating for longer time of immersion (Figure 5.30 (c) - (e)). Similar to the trend in the 
Al-10at.%Cu alloy, the coating thickens rapidly in the first 30 s of immersion, forming a 
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layer of thickness about 18.75 nm (Figure 5.31 (b)) at an average rate of 0.63 nm s-1. 
Thereafter, the coating growth slows substantially, with a thickness of 43.75 nm 
achieved at 180 s, at an average rate of about 0.03 nm s-1 and Figure 5.31 (b) also 
revealed that any further increase in the immersion time has no effect on the coating 
thickness. 
5.3.1.5.2 Surface characterisation by atomic force microscopy  
The AFM images shown in Figures 5.32 – 5.36 correspond to exposure times of 30, 60, 
180, 300 and 600 s in the conversion bath solution respectively. After 60 s (Figure 5.33) 
of immersion in zirconium-based conversion bath solution, some clusters of nodules 
were observed on the alloy surface. The coatings formed on the alloy surfaces are non-
uniform. The surface of coated Al-30at.%Cu specimens treated in the zirconium-based 
conversion bath solutions were characterised by roughness analysis of 5 × 5 µm2 
images, and the values of the arithmetic mean roughness (Ra) and RMS roughness (Rq) 
are shown in Table 5.5. The surface roughness increased slightly with immersion time 
in the first 60 s of treatment but, at longer immersion times, the surface roughness 
reduces as shown by the arithmetic mean roughness (Ra) and RMS roughness (Rq) 
values reported in Table 5.5.  
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Table 5.5 Roughness parameter of the Al-30at.%Cu alloy calculated from whole three-
dimensional data sets.  
Time of immersion Arithmetic mean roughness (Ra) RMS roughness (Rq) 
0 s 4.06 nm 5.47 nm 
30 s 13.30 nm 19.10 nm 
60 s 15.00 nm 28.20 nm 
180 s 14.10 nm 23.40 nm 
300 s 14.70 nm 24.50 nm 
600 s 15.70 nm 20.90 nm 
 
5.3.2 Composition and structure of zirconium-based conversion coatings 
The characterisation of zirconium-based conversion coating in terms of composition, 
chemistry and structure as a function of immersion time in aqueous conversion bath is 
important to provide further understanding of the nature of the resultant protection 
given to the substrate, and the mechanism of such protection. In this section, the 
characterisation of zirconium-based conversion coating was performed by (FEG-SEM) 
equipped with an EDX analytical system, Rutherford backscattering spectroscopy 
(RBS) and Nuclear reaction analyses. The structure of the coating formed on selected 
aluminium-copper specimens was also probed by glow discharge optical emission 
spectroscopy (GDOES). 
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5.3.2.1 Composition and structure of coatings formed on superpure aluminium 
specimens 
5.3.2.1.1 Elemental analyses  
The surface morphology and chemistry of the untreated and treated specimens after 
immersion in zirconium-based was studied using the field emission gun scanning 
electron microscope (FEGSEM). Compositional analyses of the zirconium-based 
conversion coating were carried out on aluminium specimens using the FEGSEM 
equipped with an energy dispersive X-ray spectroscopy analytical system. Energy 
dispersive X-ray analyses were carried out at an accelerating voltage of 20 kV. Figure 
5.37 show the scanning electron micrographs of zirconium-based conversion layer, 
formed on superpure aluminium substrates, treated for 30, 60, 180, 300 and 600 s. After 
30 s to 180 s, the scanning electron micrographs show that the coating has started to 
deposit on the substrate (Figures 5.37 (a)), but the morphology of the coating was only 
clearly evident after immersion times for 300 s to 600 s (Figures 5.37 (d) - (e)). The 
scanning electron micrographs reveal systematically the presence of small cavities. 
These cavities were attributed to the porous nature of the conversion layer formed. The 
zirconium-based conversion coatings exhibit a slight “mud-crack” morphology which is 
more visible in specimen treated for 600 s. Fine zirconium-rich nodules where observed 
on the surface of the conversion coated superpure specimen after immersion in the 
zirconium bath. The EDX analyses (in wt.%) for each treatment time investigated are 
reported in Table 5.6. The EDX zirconium peaks for specimens treated below 180 s 
were weak and become more intense as the treatment time increased. 
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Table 5.6 EDX analyses of superpure aluminium before and after treatment in 
zirconium bath 
Time of immersion Al O Zr F 
0 s 98.39 1.61 - - 
30 s 95.10 4.17 0.48 0.26 
60 s 91.38 5.32 2.79 0.50 
180 s 79.21 13.12 5.99 1.68 
300 s 71.84 11.82 14.58 1.76 
600 s 69.91 12.51 17.58 - 
 
5.3.2.1.2 RBS analyses 
The growth of the zirconium-based conversion coating was examined on superpure 
aluminium specimens using Rutherford backscattering spectroscopy. The RBS spectra 
of the superpure aluminium specimens as a function of immersion time are shown in 
Figures 5.38 (a) - (f). The presence of the conversion coating on the superpure 
aluminium specimens was indicated by the detection of the elements oxygen (O), 
zirconium (Zr) and aluminium (Al) as shown in the diagrams. The shapes of the O and 
Zr peaks suggest that the oxide was of variable thickness across the specimen surface, 
an interpretation supported by the TEM, which shows regions of thin oxide and regions 
of thicker growth. It can be seen that both Zr and O peaks increased in width with 
increasing immersion time, indicating the growth of zirconium oxide on the specimen 
surface. The RBS spectrum after 30 s treatment time (Figure 5.38 (b)) is similar to those 
observed for as-sputtered specimen (Figure 5.38 (a)), indicating that little or no 
conversion coating was formed on the specimen after 30 s immersion time. Comparison 
of the RBS spectra after 60 s, 180 s, 300 s and 600 s of treatment time (Figures 5.38 (c) 
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- (f)) revealed that the Zr and oxygen peaks become wider with increasing time of 
treatment, suggesting that thicker oxide was formed as treatment times increases. This is 
in agreement with EDX analysis which shows strong peaks of Zr as treatment time 
increases. Figure 5.38 (g) revealed that zirconium content of the coating increases with 
increase in treatment time. The thickness is obtained from RBS analyses of conversion 
layers treated for 60 s, 180 s, 300 s, and 600 s and the zirconium contents are 66.41 × 
1015, 143.63 × 1015, 248.26 × 1015 and 323.18 × 1015 atms/cm2 respectively.  
5.3.2.2 Composition and structure of coatings formed on the Al-1.0at.%Cu alloys 
5.3.2.2.1 Elemental analyses  
The morphologies of the treated Al-1.0at.%Cu aluminium alloy are shown in Figure 
5.39. The initiation and development of conversion film was related with the corrosion 
behaviours of aluminium-copper alloys. The SEM images show steps in the formation 
of the conversion coating on the substrates with immersion time. The results indicate 
that the surface coverage of the conversion coating, after 60 s immersion in the 
conversion bath solution was low. However, at longer time of immersion (Figures 5.39 
(c) – (e)), the surface coverage is relatively better but still relatively non-uniform as 
shown in Figures 5.39 (d) to (e). The zirconium-based conversion coatings formed on 
the Al-1.0at.%Cu specimens after longer immersion times (180 – 600 s) exhibited a 
“mud-crack” morphology which is more visible in specimen treated for 600 s. The EDX 
analyses integrated over different points of interest (specified as spectrum in the 
scanning electron micrographs) are reported in Table 5.7.  The EDX zirconium (Zr) 
peaks for specimens treated for shorter times were weak and became more intense as the 
treatment time increases as seen from the Zr weight percentage concentration which 
increases from 1.23 wt.% to 11.08 wt.% after 300 s of immersion in the zirconium-
based treatment bath solution. However, this values later reduces to 7.08 wt.% after 600 
s of immersion. This decrease in the Zr peaks for the longest time of immersion most 
likely arise from regions of the surface from which most of the original coating material 
had been lost.  
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Table 5.7 EDX analyses (wt.%) of the Al-1.0at.%Cu alloy before and after treatment in 
zirconium bath 
Time of 
immersion 
Al O Zr F Cu 
0 s 90.85 7.70 - - 1.38 
30 s 94.89 2.81 1.23 0.20 0.87 
60 s 93.15 3.34 2.25 0.55 0.71 
180 s 85.72 6.67 5.35 1.54 0.72 
300 s 86.97 9.68 11.08 - 0.68 
600 s 83.77 8.53 7.08 - 0.62 
 
5.3.2.3 Composition and structure of coatings formed on the Al-5.0at.%Cu alloys 
5.3.2.3.1 Elemental analyses  
Figure 5.39 shows the surface morphology of the Al-5.0at.%Cu alloy after immersion in 
zirconium bath for 30 s, 60 s, 180 s, 300 s and 600 s. After the initial 60 s of immersion, 
the scanning electron micrographs show that the coating has started to deposit on the 
substrate (Figures 5.40 (a) and (b)). However, the morphology of the coating was only 
clearly evident after immersion times for 180 s to 600 s (Figures 5.40 (c) - (e)). The 
zirconium-based conversion coatings formed on the Al-5.0at.%Cu alloys after longer 
immersion times exhibited “mud-crack” morphology with some clusters of nodules rich 
in zirconium. Figures 5.40 (d) and 5.40 (e) show the presence of Zr-rich nodules over a 
large area of the Al-5.0at.%Cu alloy after 300 s and 600 s of immersion in the 
zirconium bath. In order to investigate the composition of the film, some EDX point 
analyses were carried out. The EDX analyses (in wt.%) for each treatment time 
investigated are given in Table 5.8. The strong peaks of zirconium and aluminium for 
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longer times of immersion, implies a mixed oxide layer. The fluoride concentration in 
the coating remained low even for the films of highest zirconium content. This suggests 
that zirconium is mostly in an oxide or oxyhydroxide form rather than fluoride [233]. 
 
Table 5.8 EDX analyses (wt.%) of the Al-5.0at.%Cu alloy before and after treatment in 
zirconium bath 
Time of 
immersion 
Al O Zr F Cu 
0 s 90.70 5.63 - - 3.67 
30 s 88.61 5.75 2.12 0.82 2.70 
60 s 90.18 4.83 1.61 0.69 2.69 
180 s 84.43 6.11 6.66 - 2.80 
300 s 79.46 9.50 8.04 - 3.00 
600 s 80.92 8.02 5.45 2.88 2.73 
 
5.3.2.4 Composition and structure of coatings formed on the Al-10at.%Cu alloys 
5.3.2.4.1 Elemental analyses  
Figure 5.41 shows the scanning electron micrographs of zirconium-based conversion 
layers, formed on the Al-10at.%Cu alloys after immersion in zirconium-containing bath 
for 30 s, 60 s, 180 s, 300 s and 600 s. The scanning electron micrographs (taken at low 
magnifications) show small white particles distributed on the surface of the specimens, 
which when closely examined are found to be spherical particles rich in zirconium (see 
EDX analyses). After immersion in the zirconium bath for 60 s and longer, the 
zirconium-rich spherical nodules observed on the surface of the alloy increase. With the 
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increase of the treatment time to 180 s as shown in Figure 5.41 (c), the Al-10at.%Cu 
alloy was completely covered with the conversion coating with minimal ‘mud cracks’ 
(due to drying) observed on the surface of the alloy. After 600 s of immersion in the 
conversion treatment solution (Figure 5.41 (d)), there were no significant changes to the 
surface morphology. The EDX analyses (in wt.%) for each treatment time investigated 
are given in Table 5.9. The peaks detected for copper in some of the spectra are most 
likely as a result of the incorporation of copper into the conversion layer.  
 
Table 5.9 EDX analyses (wt.%) of the Al-10at.%Cu alloy before and after treatment in 
zirconium bath 
Time of 
immersion 
Al O Zr F Cu 
0 s 91.15 2.75 - - 6.10 
30 s 89.30 5.51 0.98 0.92 3.29 
60 s 87.41 6.73 1.91 0.90 3.04 
180 s 82.99 9.47 4.02 - 3.52 
300 s 83.62 9.81 2.57 - 4.01 
600 s 81.37 10.63 6.58 - 1.42 
 
5.3.2.4.2 RBS analysis 
RBS was used to study the difference in the thicknesses of the conversion coatings 
deposited on the Al-10at.%Cu alloy at different immersion times. RBS spectra for Al-
10at.%Cu specimens are shown in Figures 5.42 (a) – (f) as a function of increasing 
immersion time. The main features of the spectra are Al, Cu, Zr and O steps at Channels 
279, 388, and 187 respectively. The Zr region displayed a consistent increase in the 
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level of incorporated Zr with increased immersion time, consistent with the 
development of a heavier coating. Although the change in the O peak was small, there 
was a trend of increasing width with increasing processing time. This indicates an 
increase in oxide thickness. The shape of the oxygen peak was similar for all Al-
10at.%Cu alloy specimens indicating that the variation in oxide thickness was 
consistent. The similarities in the shapes of the Zr and O peaks suggest that Zr was 
evenly distributed throughout the oxide (Figures 5.42). The efficiency of the conversion 
treated Al-10at.%Cu alloy was determined by measurements of the zirconium contents 
of coatings by RBS, which were compared with the loss of the alloy substrate, from 
TEM. The Zr peaks had a greater peak height for the longer immersion times, indicating 
that Zr deposition was greater with longer immersion time. 
5.3.2.5 Composition and structure of coatings formed on the Al-30at.%Cu alloys 
5.3.2.5.1 Elemental analyses  
Figure 5.43 shows the scanning electron micrographs of the Al-30at.%Cu alloys after 
immersion in zirconium-containing bath for 30 s, 60 s, 180 s, 300 s and 600 s. The 
surface coverage of the conversion coatings formed after 30 s immersion (Figure 5.43 
(a)) in the conversion bath solution was low since the array of grooves observed by 
AFM is still visible. Immersion for 60 s in the conversion bath (Figure 5.43 (b)) gave a 
better coverage of the conversion film compared with 30 s; however, the film formation 
was still relatively non-uniform. The alloy surface exhibited discrete islands of deposit, 
evident as light grey regions on the low magnification micrograph for specimens treated 
for 180 s (Figure 5.43 (c)). With increase of the treatment time to 300 s and above as 
shown in Figure 5.43 (d) and (e), the Al-30at.%Cu alloy surface revealed spherical 
regions (seen as light spherical regions). These regions likely nucleated primarily from 
the intermetallic particles in the alloy matrix, which XRD results revealed as Al2Cu. 
Some EDX point and area analyses were carried out on the treated specimens in order to 
investigate the composition and influence of time of immersion on the coatings formed. 
The EDX analyses (in wt.%) for each treatment time investigated are given in Table 
5.10. The strong peaks of zirconium and aluminium were observed for longer times of 
immersion, and this implies that the coatings formed on the Al-30at.%Cu alloy 
comprised of a mixed oxide layer.  
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Table 5.10 EDX analyses (wt.%) of the Al-30at.%Cu alloy before and after treatment in 
zirconium bath 
Time of 
immersion 
Al O Zr F Cu 
0 s 79.58  - - 20.42 
30 s 81.62 4.47 1.91 0.19 11.81 
60 s 80.04 5.26 1.67 1.08 11.95 
180 s 81.64 6.64 2.37 1.05 8.30 
300 s 76.59 8.99 3.82 2.15 8.45 
600 s 76.00 8.52 6.84 2.81 5.84 
 
5.3.2.5.2 RBS analyses  
The RBS analyses of the Al-30at.%Cu alloy specimens after different immersion times 
are shown in Figures 5.44 (a) - (f). The presence of the conversion coating on the Al-
30at.%Cu alloy was indicated by the detection of elements O, Zr, Al and Cu (Figures 
5.44 (a) - (f)). The width of the peaks is a function of coating thickness. The main 
features of the spectra are Al, Cu, Zr, and O steps at channel 279, 410, 439, and 172, 
respectively. As anticipated, the position of the leading edge of the peak, about 439, 
indicates zirconium at the surface of the specimen. The Zr region displayed a consistent 
increase in the level of incorporated Zr with increased immersion time, associated with 
development of a coating of increasing thickness. The shape of the oxygen peak was 
similar for all the specimens indicating that the variation in oxide thickness was 
consistent. The shapes of the O and Zr peaks suggest that the oxide was of variable 
thickness across the alloy surface. The Zr peaks had a greater peak height for longer 
immersion times, indicating that Zr deposition was greater when the specimens were 
immersed longer in the conversion coating bath.   
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5.3.2.6 NRA and RBS analyses 
Nuclear reaction analyses were carried out on the conversion coated superpure 
aluminium and Al-30at.%Cu alloy specimens, utilising coatings developed on specimen 
for 30 s, 60 s, 180 s, 300 s and 600 s. The results obtained are displayed in Figure 5.45 
Such analyses quantify the amount of oxygen in the conversion coating layer. It is 
evident that with increase of conversion treatment time, the oxygen content increased as 
the coating thickened. The RBS spectra revealed similar features for both the superpure 
aluminium specimens and the Al-30at.%Cu alloy specimens after different coating 
times, with the peaks for the coating elements zirconium and oxygen varying according 
to the thickness of the conversion coating developed on the specimens.  
From the RBS and nuclear reaction analyses, the ratio of the oxygen atoms in the 
coating to zirconium atoms with immersion time is shown in Figure 5.46. It is evident 
that at relatively short conversion treatment times, the ratio of oxygen to zirconium is 
3:1, with a suggested coating composition of ZrO2.H2O. After 180 s conversion 
treatment time, the ratio of oxygen to zirconium is 4:1, with a suggested coating 
composition of ZrO2.2H2O, which indicates an increase in oxygen content, probably 
due to an increase in the thickness of the conversion coating formed on the specimens 
after prolonged immersion in the conversion bath. Therefore, the overall suggested 
composition of the coating is ZrO2.nH2O (where n = 1 for relatively short immersion 
times and, n = 2 for prolonged times of immersion in the conversion treatment bath). 
RBS also detected the presence of aluminium in the conversion coating. The ratio of 
zirconium to aluminium is listed in Table 5.11. Some contributions to the aluminium 
signal for the coating analysed by RBS may result from the roughness of surface as 
evident from the AFM results, or through limited coating thickness in certain areas, with 
the alloy substrate being detected. Therefore, the amount of aluminium in the 
conversion coating developed on the specimen cannot be clearly quantified by RBS 
analyses.  
Concerning interfacial enrichment of copper in the Al-30at.%Cu alloy, RBS analyses 
did not clearly identify the presence of such a layer due to the relatively thin nature of 
the conversion coating, and the relatively thin nature of the copper enriched layer. 
Furthermore, RBS analyses did not detect the presence of a residual alumina layer on 
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the conversion coated superpure aluminium specimens, again, due to the relatively low 
thickness of the residual alumina film.  
Table 5.11 The ratio of zirconium to aluminium in the zirconium conversion coating. 
 Immersion time (s) 
Ratio of 
zirconium 
to 
aluminium 
 30 60 180 300 600 
Superpure 
aluminium 
0.00 0.22 1.04 0.79 0.63 
Al-30at.%Cu 
alloy 
0.25 2.75 2.00 1.55 0.87 
 
5.3.2.7 GDOES depth profiling analysis of Al-Cu model binary alloys 
Depth profiles of the chemical composition of the treated surfaces were obtained by 
glow discharge optical emission spectroscopy (GDOES). Representative examples are 
shown using the spectra for Al-1.0at.%Cu, Al-10at.%Cu and Al-30at.%Cu alloys in the 
as-sputtered and conversion treated condition. 
5.3.2.7.1 Depth profiles of the Al-1.0at.%Cu alloy 
The GDOES depth profile for the as-sputtered and conversion treated Al-1.0at.%Cu  
alloy are shown in Figures 5.47 (a). Depth profile of the composition of the as-sputtered 
alloy revealed a brief initial silicon (Si) signal (which is likely due to surface enrichment 
of impurities during electropolishing of high-purity aluminium substrates) which 
decayed after a second of sputtering. Surface oxygen in the alloy substrate started 
decaying after a couple of seconds of sputtering. Figures 5.47 (b) to 5.47 (e) show the 
GDOES intensity spectra as a function of sputtering time for Al-1.0at.%Cu specimen 
following immersion in the zirconium-based conversion solution for 30 s, 180 s, 300 s 
and 600 s respectively. However, a peak was evident for copper due to enrichment of 
copper near the alloy/electropolished matrix interface (i.e. interface between the 
magnetron sputtered alloy and the initial electropolished superpure aluminium substrate 
used). Notably, any peak due to enrichment of copper in the region of the alloy/coating 
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interface was not resolved from the profile of copper in the alloy. The coating also 
contained zirconium species (derived from the constituents of the conversion coating 
solution) concentrated in the surface region. 
5.3.2.7.2 Depth profiles of the Al-10at.%Cu alloy 
The GDOES depth profile for the magnetron-sputtered Al-10at.%Cu alloy, shown in 
Figure 5.48 (a), revealed a three-layered structure of Al-Cu substrate with a thin  film 
containing oxygen species, suggesting a thin oxide film on the specimen in the as-
sputtered condition. By inspection of the profiles for the treated alloys, interesting 
features are observed in the Al, Cu, O and Zr peaks displayed in Figure 5.48 (b) to 5.48 
(e). An extensive plateau region associated with the conversion coating is distinguished 
clearly in the Al profile. As sputtering continues and as the aluminium substrate is 
exposed, the intensity of Al signal increases rapidly and reaches a steady, maximum 
value. According to Shimizu et al [297], the sharp increase in the Al signal intensity is 
due to the increased yield of the sputtered Al atoms associated with the higher 
sputtering rate of the aluminium substrate than the surface film or coating. With 
reference to the copper signal, a thin layer highly enriched in Cu is observed in the alloy 
substrate immediately beneath the conversion coating after longer times of immersion in 
the conversion bath solution. For the alloy treated for 300 s (Figure 5.48 (d)), the copper 
enriched layer persists a significant distance into the metal, corresponding to about 10 s 
of sputtering time. Zirconium was also enriched near the surface of the oxide, and for 
180 s and longer times of immersion, copper was incorporated into the coatings; this 
result was also corroborated by the RBS spectra of the alloy after longer treatment 
times. A significant increase in the intensity of the oxide of this element was also 
observed near the oxide-metal interface. Similar GDOES profiles were observed for 
specimens immersed for 300 and 600 s in the zirconium-based conversion solution. 
5.3.2.7.3 Depth profiles of the Al-30at.%Cu alloy 
Figures 5.49 (a) – (e) show depth profiles from conversion coatings obtained by 
immersion of the Al-30at.%Cu alloys  in the zirconium-containing conversion treatment 
solution. The depth profiles revealed a substantial difference in the surface composition 
for the as-sputtered alloy and for specimens treated for shorter and longer times of 
195 
 
immersion in conversion bath solution. The GDOES depth profile analysis for the as-
sputtered alloy (Figure 5.49 (a)), revealed a high aluminium and copper intensities; and 
a comparably minimal oxide layer. By inspection of the profiles for the treated 
specimens, the phase boundary between the oxide and metal alloy is deduced to 
correspond to about 6 s of sputtering. With regard to the copper signal, a thin layer 
enriched in copper is observed in the alloy substrate immediately beneath the 
conversion coatings formed. The copper enriched layer also persists a significant 
distance into the alloy corresponding to a range between 8 - 10 s of sputtering time 
depending on the treatment times. A bimodal distribution of copper most likely 
associated with copper oxide, were observed to be incorporated into the coatings for all 
treatment times. Finally, consideration is given to the zirconium profiles, where no 
significant differences are observed for the coatings formed during the various treatment 
times. The signal intensity of zirconium is high at the surface, and decreases rapidly 
with depth in the near-surface regions. 
5.4 Discussion 
5.4.1 Mechanism of coating growth 
The formation and growth of zirconium-based conversion coating is influenced by 
complex microstructures of high strength aluminium alloy substrates. This results in a 
coating whose thickness and composition varies across the alloy surface. The results 
obtained in this study revealed that the growth of the zirconium-based conversion 
coating on superpure aluminium (where the preferred cathodic sites are predominantly 
small) proceeds in a relatively uniform manner, with the occasional presence of holes in 
the aluminium surface where the conversion coating is absent after 30 s of immersion in 
the aqueous bath solution. According to Shimizu et al [269, 297], the observed non-
uniformity of the coating developed after relatively short immersion time in the 
conversion bath is strongly dependent on the crystallographic orientation of the 
substrate which are residual flaw sites and this in turn, is related to the preferential 
deposition of the conversion coating over the pre-existing metal ridges rather than over 
the general aluminium surface. The growth of conversion coating on superpure 
aluminium is explained on the basis that the deposition of the coatings occurs by 
electron tunnelling through a thinned, residual alumina film which is always present on 
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the surface of aluminium. For superpure aluminium with relatively few impurity 
segregates, sites of ready electron conduction are in relatively short supply, hence, the 
chemical reaction of fluoride species with thin alumina film results in an aluminium 
film of reduced thickness and this enables electron tunnelling. Film formation on 
aluminium substrates occurs by interaction of the fluorozirconate with alumina at the 
surface of the aluminium substrate according to the reaction: 
H2ZrF6 + 2Al2O3 → 4AlOF + ZrOF2 + H2O                       (5.1) 
The anodic dissolution of aluminium occurs through formation of an anodic aluminium 
oxide film and its subsequent dissolution by fluoride species in the conversion bath.  
Anodic dissolution takes place at different locations on the aluminium substrate 
according to: 
Al → Al3+ + 3e-                  (5.2) 
The rate of growth of alumina film depends on the rate of chemical dissolution of the 
oxide by fluoride species. Hence, during the coating formation, the main process is the 
reduction of oxygen, 
O2 + 2H2O + 4e- → 4OH-                (5.3) 
The coating developed at cathodic sites, spreads over the surface of the aluminium, thus 
hindering the anodic process until it is stifled. 
 Hence, the zirconium-based conversion coating development on superpure aluminium 
is suggested by the anodic dissolution of aluminium substrate at anodic sites and the 
cathodic deposition of zirconium species at cathodic sites. The cathodic sites are derived 
from flaws generated by impurity segregates in the aluminium substrate. The 
conversion coating is assumed to form by the precipitation of zirconium oxide due to an 
increase in pH (hydrogen evolution at cathodic sites leads to a local increase in pH) of 
the bath solution at the metal oxide/liquid interface. The solubility of the coating 
compound decreases when the pH increases, resulting in precipitation of coating 
material. The principal assumption of this model is that the natural alumina covering the 
aluminium surface is not completely removed by chemical dissolution but rather 
thinned until appreciable tunnelling of the electrons becomes possible. Clearly, the 
coating does not develop in a similar manner to Cr2O3 or CrPO4 coating since ZrO2 type 
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material can only be produced by interfacial pH changes [35]. Furneaux et al [298] 
provided some insight into the locations of anodic and cathodic reactions, as well as the 
mode of coating growth on aluminium substrates. The authors suggested fine pathways, 
observed electronoptically to penetrate the coatings to the substrate, through the initial 
gel-like material which becomes more compact with time, probably provide routes for 
solution access to the metal. There, anodic dissolution may occur and cathodic activity 
rapidly results in the production of conversion coating material, which plugs the original 
pathway. The positions of active sites probably fluctuate, depending on the opening up 
of new pathways by the complexing action of the fluoride species and subsequent 
plugging by deposited material. As the conversion coating thickens, more permanent 
pathways extend much of the way from the bulk solution towards the substrate, but fine 
pathways, appearing as ‘crow’s feet’, still provide the means of access for solution 
species to the metal. However, the production of progressively greater quantities of 
relatively less reactive coating material probably restricts solution access to the metal 
and thus rapidly limits coating growth.   
The conversion coating developed on copper-containing aluminium alloys exhibits a 
different morphology and composition on the matrix and intermetallics due to their 
heterogeneous microstructure. For these aluminium alloys, the alloying elements 
present in the alloy contribute to compositional variation in the alloy surface and the 
generation of cathodic and anodic sites. From the X-ray diffraction patterns of the as-
sputtered aluminium-copper alloys (section 4.6), we have established the presence of 
tetragonal Al2Cu intermetallic compound in magnetron-sputtered aluminium-copper 
alloys used in this study. The combination of cathodic Al2Cu precipitates and the more 
anodic aluminium matrix constitutes a galvanic couple which leads to an 
electrochemical dissolution of the matrix material during conversion treatment. For 
aluminium-copper alloys, the oxygen reduction (equation 5.3) occurs predominantly on 
the intermetallic particles. At the outset, the corresponding anodic reaction is the anodic 
etching and thinning of the aluminium matrix. Owing to the large ratio of anode to 
cathode, the rate of matrix etching per unit area is very small and this causes the 
interfacial pH to increase locally. This local alkalinity thus created around the 
intermetallic particles by virtue of equation 5.3 will favour the following chemical and 
electrochemical reactions and this leads to the precipitation of ZrO2 [299] since the 
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solubility of the coating compound decreases when the pH increases, resulting in 
precipitation of coating material. 
Zr4+ + H2O → ZrO2+ + 2H+             (5.4) 
ZrO2+ + H2O → ZrO2 + 2H+             (5.5) 
These observations are consistent with the surface chemistry found by our EDX and 
GDOES results. The rate of coating deposition is greater over the matrix, followed by 
copper-containing intermetallic phases which are noble compared to the matrix. The 
alkaline environment created around the Cu-rich intermetallics may also cause the 
selective dissolution of the aluminium component of the intermetallics which leads to 
enrichment of copper in the layer just beneath the conversion layers and this 
subsequently leads to incorporating of copper into the coating, following sufficient 
enrichment of the alloy. 
5.4.2 Effect of immersion time on coating development 
The time-dependent OCP of the superpure aluminium specimen immersed in 
zirconium-based conversion bath is revealed in Figure 5.1. The initial increase in 
potential observed, is as a result of surface activation where dissolution of aluminium 
occurred simultaneously with the evolution of hydrogen. An important aspect suggested 
is that such an increase in potential drives local thickening of the alumina oxide in 
regions which are not covered with the conversion coating deposit. As a result, the 
thickened alumina oxide renders the tunnelling of electrons negligibly small, or 
insignificant, such that deposition by electron tunnelling is absent at the anodic sites. 
The process of coating growth involves three stages. The dissolution of surface oxide of 
the metals occurs at first stage. The surface film consisting of oxides and hydroxides 
were dissolved in the acidic zirconium bath as a result of the fluoride species. At the 
second stage, the initiation and growth of zirconium-based conversion coatings occurred 
while at the final stage, there was an improvement of conversion coating formed. The 
coating improved gradually until the dynamic balance of oxide dissolution and coating 
formation was established and the conversion coating was thus formed completely. The 
first and second stages were observed during the initial 30 s of immersion in the 
conversion bath solution. The RBS results also confirm that there is an induction period 
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where there is little zirconium deposition, followed by prolonged immersion times 
where the zirconium layer develops. The presence of the conversion coating on the 
aluminium matrix and model aluminium-copper binary alloys was indicated by the 
detection of the elements oxygen, zirconium, and aluminium which were labelled in the 
various RBS spectra for different treatment times. The depth profile of an element is 
given by the distribution at channel numbers below the elemental position that indicates 
where the element would fall if it was at the surface of the specimen [35]. The thickness 
of the zirconium content in the conversion layer increases with increase in treatment 
time. Furthermore, EDX analysis of several specimens have shown that the longer pre-
treatment time, the higher the zirconium content in the conversion coating layer. A 
substantial fraction of aluminium was detected during EDX analysis. This is due to the 
fact that the size of the sputter deposits was small compared to the interaction depth of 
the probe beam and this is as a result of the electron beam penetrating through the 
sputtered layer to the underlying aluminium substrate. The change of the zirconium 
content on the different coated surfaces indicated that the longer the treatment time in 
the conversion bath solution, the thicker the coatings under the same deposition 
conditions.  
5.4.3 Influence of copper alloying element 
The formation of the zirconium-based conversion coating on Al-1.0at.%Cu, Al-
5.0at.%Cu, Al-10at.%Cu and Al-30at.%Cu alloys follows the pattern found by some 
authors in  previous studies of conversion coating growth on binary aluminium alloys 
[228, 230]. The initial coating growth developed with oxidation of aluminium only, 
while copper enriches in the alloy. However, for high copper content alloys, copper is 
eventually incorporated into the coating and the coating thickness then reduces over the 
general surface of the specimen, with the coating subsequently formed on the alloys 
being relatively thin. For the Al-1.0at.%Cu alloy, the initial coatings is similar to those 
formed on the superpure aluminium but with a slower rate of coating growth as shown 
in Figure 5.10 (b). With the higher copper content alloys (Al-5.0at.%Cu, Al-10at.%Cu 
and Al-30at.%Cu), a thin zirconium-based conversion coating forms initially, leading to 
enrichment of copper in the alloy immediately beneath the coating. The enrichment will 
occur with oxidation of no more than a few nanometres of alloy, with a significant 
contribution being made by the formation of the air-formed oxide. From the GDOES 
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results obtained for Al-10at.%Cu and Al-30at.%Cu alloys, copper is incorporated into 
the coating at a relatively early stage in the coating process. These observations 
confirms the data suggested in the literature that second phase particle such as Al2Cu 
may be considered as highly alloyed aluminium matrix, since to some extent it behaves 
in a similar manner as the matrix of the matrix after enrichment to the steady level 
[153]. This explains the small thickness of the coatings formed on high copper-content 
alloys and the incorporation of copper into the coatings during short immersion times. 
5.4.4 Coating composition and structure 
The results of this study show that the zirconium-based conversion layers formed on 
superpure aluminium and aluminium-copper model binary alloys exhibit different 
morphologies. TEM and RBS images reveal that the coating is much thicker on the 
superpure aluminium matrix than on the alloy matrixes. The EDX point and area 
analyses of the conversion coatings formed on the superpure aluminium substrates 
indicates that the zirconium-based conversion coating is composed of zirconium, 
oxygen as well as a small amount of fluorine.  
Nuclear reaction analyses determined the composition level of oxygen (a major 
component of the coating) conversion coating layer. The conversion coating has oxygen 
to zirconium ratio of 3:1 at relatively short immersion times up to 60 s. This fits a 
ZrO2.H2O compositional model. However, with prolonged immersion times, the oxygen 
to zirconium ratio revealed an enhanced concentration for oxygen, suggesting a 
compositional model of ZrO2.2H2O. This satisfies an overall composition of 
ZrO2.nH2O, where n equals 1 or 2 for shorter or prolonged immersion times 
respectively. 
The GDOES measurements indicated further that the oxide layer formed on the matrix 
consisted of mixed oxides of zirconium, and aluminium. These observations for the 
zirconium-based conversion coating are consistent with previous X-ray photoelectron 
spectroscopy (XPS), Auger electron spectroscopy (AES) and secondary ion mass 
spectrometry (SIMS) measurements [199, 231, 233, 300] except for the fact that the 
detector of the GDOES machine used in the present study is not capable of resolving the 
chemical identity of the oxides nor is it possible for it to detect the presence of hydrogen 
efficiently as XPS measurements. Hence, it is not possible to eliminate the possibility 
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that hydroxides are present in the coatings. In addition GDOES does not give any 
information about the lateral distribution and heterogeneity of the conversion coating, 
which is in fact highly heterogeneous, as revealed by electron microscopy. 
The XPS, AES and SIMS results in the literature reveal that zirconium is always present 
in its dioxide form ZrO2, and some hydroxy-oxide or hydroxyfluoride may also be 
present depending on the composition of the conversion bath [233]. From in-depth 
elemental profiles through the resultant zirconium conversion coatings formed 
aluminium and aluminium alloys, the conversion coatings have been considered to be 
multi-layered, with Al2O3 adjacent to the aluminium surface, a Zr/O/F containing outer 
layer and ZrO2 sandwiched between the previous layers [35]. Zirconium, aluminium, 
oxygen and fluorine are the main constituents of the conversion film, with zirconium 
accounting for about 36% of the total weight [51]. 
Schram et al. [231] used AES, SIMS and XPS to studied the composition of a 
commercial zirconium-based conversion bath Alodine 4830/4831 (which contains 
mainly a fluorinated zirconium salt and a water soluble polymer) . They found that 
zirconium-based conversion coating consists of a two-layered structure, in which the 
inner region (close to the metal interface) contains only Al and O, while the outer region 
(closer to the outer surface) contains a fluorinated zirconium compound and probably a 
polymeric compound that is concentrated towards the outer surface of the coating.  
In order to characterise the structure and chemical composition of zirconium-based 
conversion coating, Newhard Jr. et al. [300], used AES  and XPS complimentary 
analytical techniques. The Auger electron spectroscopy measurements of these 
conversion coatings revealed the presence of both zirconium and fluorine in the coating 
layer. XPS depth profiling indicated that the layer of coating is built up of three 
sublayers: near the metal interface Al2O3, above a layer of ZrO2 and on top a mixture of 
zirconium (Zr), oxygen (O) and fluorine (F). 
In the present study, the resulting analyses of the zirconium-based conversion coatings 
are dependent on the complementary surface analytical techniques employed. RBS, 
EDX and GDOES analyses disclosed the presence of zirconium and oxygen species and 
in some cases, fluorine species. RBS and GDOES results also suggest the presence of 
aluminium species in the coating material. It is apparent that some of the aluminium 
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signals detected by RBS could be due to the aluminium substrate; hence the exact 
quantity of aluminium in the conversion coatings is not clearly identified by this 
technique.  
The EDX and RBS analyses of the coatings formed on copper-containing aluminium 
alloys also revealed the presence of copper species in the conversion coating. The 
presence of copper species in the coating detected by RBS is likely due to the exposure 
of coarse second phase intermetallic particles present in the near-surface regions or due 
to the incorporation of copper species into the coating after prolonged immersion time. 
Fluoride species were detected in some of the coating using EDX and RBS technique 
but not by GDOES since the GDOES technique used in the present work is not capable 
of resolving the chemical identity of fluoride species since the depth profiling analysis 
of the coatings was carried out in low pressure argon and not neon which is capable of 
detecting fluoride species.  
Further investigation will be needed in order to determine the level of corrosion 
protection provided by the zirconium-based conversion coatings formed on aluminium 
and aluminium alloys and the effect of alloy composition on the protection of 
zirconium-based conversion coating as a possible alternative to chromium-based 
conversion coatings. In the following chapter, an assessment of the effectiveness of the 
protection offered by zirconium-based conversion coatings on aluminium and 
aluminium-copper alloys are considered. 
5.5 Summary 
In this study, zirconium-based conversion coatings formed on aluminium and 
aluminium-copper binary alloys was characterised using AFM, TEM, RBS, SEM-EDX 
and GDOES complementary surface analytical techniques. The following are key 
findings: 
1. The zirconium-based conversion layer formed on the surface of aluminium is 
somewhat homogenous while on aluminium-copper alloys, it is in most cases 
heterogeneous. 
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2. The presence of the conversion coating on the aluminium matrix and model 
aluminium-copper binary alloys was indicated by the detection of the elements 
oxygen, zirconium, and aluminium which were labelled in the various RBS 
spectra for different treatment times. 
3. The zirconium-based conversion coating developed on the specimens is 
composed of a likely outer layer of ZrO2.nH2O with hydrated aluminium oxide 
adjacent to the metal/coating interface. 
4. Increasing the immersion time resulted in an increase in coating thickness for 
aluminium substrates but little change in coating thickness occurred for 
aluminium-copper model alloys after prolonged immersion in the conversion 
bath solution. 
5. The zirconium-based conversion coating on the matrix exhibits a typical mud-
crack morphology which likely occurred due to exposure to vacuum which 
rapidly dehydrate the conversion coatings during FEGSEM analysis. 
6. In high copper-content aluminium alloys, the initial coating growth developed 
with oxidation of aluminium only, while copper enriches in the alloy. However, 
copper is eventually incorporated into the coating and the coating thickness then 
reduces over the general surface of the specimen, with the coating subsequently 
formed on the alloys being relatively thin. 
 
 
 
 
204 
 
-1500
-1250
-1000
-750
-500
-250
0
250
0 50 100 150 200
Time (Sec)
Po
te
n
tia
l (m
V)
Data Graph
A
B
C
E
D
Figure 5.1 Potentiodynamic curve of superpure aluminium in zirconium conversion 
bath. 
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Figure 5.2 Transmission electron micrographs of ultramicrotomed sections of superpure 
aluminium specimens following sputter deposition and conversion treatment in 
zirconium-based conversion bath for (a) 30 s, (b) 60 s and (c) 180 s. 
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Figure 5.2 Transmission electron micrographs of ultramicrotomed sections of superpure 
aluminium specimens following sputter deposition and conversion treatment in 
zirconium-based conversion bath for (d) 300 s and (e) 600 s. 
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Figure 5.3 Loss of substrate thickness (a) and thickness of conversion coatings (b), 
determined from transmission electron micrographs for the superpure aluminium 
surface after zirconium-based conversion treatments. 
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Figure 5.4 AFM images of the coating development on the superpure aluminium surface 
after immersion for 30 s; (a) height image; (b) 2-dimensional image; (c) 3-dimensional 
topographic image 
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Figure 5.5 AFM images of the coating development on the superpure aluminium surface 
after immersion for 60 s; (a) height image; (b) 2-dimensional image; (c) 3-dimensional 
topographic image 
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Figure 5.6 AFM images of the coating development on the superpure aluminium surface 
after immersion for 180 s; (a) height image; (b) 2-dimensional image; (c) 3-dimensional 
topographic image 
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Figure 5.7 AFM images of the coating development on the superpure aluminium surface 
after immersion for 300 s; (a) height image; (b) 2-dimensional image; (c) 3-dimensional 
topographic image. 
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Figure 5.8 AFM images of the coating development on the superpure aluminium surface 
after immersion for 600 s; (a) height image; (b) 2-dimensional image; (c) 3-dimensional 
topographic image. 
(c) 
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Figure 5.9 Transmission electron micrographs of ultramicrotomed sections of Al-
1.0at.%Cu alloy following sputter deposition and conversion treatment in zirconium-
based conversion bath for (a) 30 s, (b) 60 s and (c) 180 s. 
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Figure 5.9 Transmission electron micrographs of ultramicrotomed sections of Al-
1.0at.%Cu alloy following sputter deposition and conversion treatment in zirconium-
based conversion bath for (d) 300 s and (e) 600 s. 
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Figure 5.10 Loss of substrate thickness (a) and thickness of conversion coatings (b), 
determined from transmission electron micrographs for the Al-1.0at.%Cu alloy after 
zirconium-based conversion treatments. 
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Figure 5.11 AFM images of the coating development on the Al-1.0at.%Cu alloy surface 
after immersion for 30 s; (a) height image; (b) 2-dimensional image; (c) 3-dimensional 
topographic image. 
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Figure 5.12 AFM images of the coating development on the Al-1.0at.%Cu alloy surface 
after immersion for 60 s; (a) height image; (b) 2-dimensional image; (c) 3-dimensional 
topographic image. 
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Figure 5.13 AFM images of the coating development on the Al-1.0at.%Cu alloy surface 
after immersion for 180 s; (a) height image; (b) 2-dimensional image; (c) 3-dimensional 
topographic image. 
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Figure 5.14 AFM images of the coating development on the Al-1.0at.%Cu alloy surface 
after immersion for 300 s; (a) height image; (b) 2-dimensional image; (c) 3-dimensional 
topographic image. 
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Figure 5.15 AFM images of the coating development on the Al-1.0at.%Cu alloy surface 
after immersion for 600 s; (a) height image; (b) 2-dimensional image; (c) 3-dimensional 
topographic image. 
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Figure 5.16 Transmission electron micrographs of ultramicrotomed sections of Al-
5.0at.%Cu alloy following sputter deposition and conversion treatment in zirconium-
based conversion bath for (a) 30 s, (b) 60 s and (c) 180 s. 
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Figure 5.16 Transmission electron micrographs of ultramicrotomed sections of Al-
5.0at.%Cu alloy following sputter deposition and conversion treatment in zirconium-
based conversion bath for (d) 300 s and (e) 600 s. 
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Figure 5.17 Loss of substrate thickness (a) and thickness of conversion coatings (b), 
determined from transmission electron micrographs for the Al-5.0at.%Cu alloy after 
zirconium-based conversion treatments. 
(b) 
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Figure 5.18 AFM images of the coating development on the Al-5.0at.%Cu alloy surface 
after immersion for 30 s; (a) height image; (b) 2-dimensional image; (c) 3-dimensional 
topographic image. 
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Figure 5.19 AFM images of the coating development on the Al-5.0at.%Cu alloy surface 
after immersion for 60 s; (a) height image; (b) 2-dimensional image; (c) 3-dimensional 
topographic image. 
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Figure 5.20 AFM images of the coating development on the Al-5.0at.%Cu alloy surface 
after immersion for 180 s; (a) height image; (b) 2-dimensional image; (c) 3-dimensional 
topographic image. 
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Figure 5.21 AFM images of the coating development on the Al-5.0at.%Cu alloy surface 
after immersion for 300 s; (a) height image; (b) 2-dimensional image; (c) 3-dimensional 
topographic image. 
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Figure 5.22 AFM images of the coating development on the Al-5.0at.%Cu alloy surface 
after immersion for 600 s; (a) height image; (b) 2-dimensional image; (c) 3-dimensional 
topographic image. 
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Figure 5.23 Transmission electron micrographs of ultramicrotomed sections of Al-
10at.%Cu alloy following sputter deposition and conversion treatment in zirconium-
based conversion bath for (a) 30 s, (b) 60 s and (c) 180 s. 
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Figure 5.23 Transmission electron micrographs of ultramicrotomed sections of Al-
10at.%Cu alloy following sputter deposition and conversion treatment in zirconium-
based conversion bath for  (d) 300 s and (e) 600 s. 
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Figure 5.24 Loss of substrate thickness (a) and thickness of conversion coatings (b), 
determined from transmission electron micrographs for the Al-10at.%Cu alloy after 
zirconium-based conversion treatments. 
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Figure 5.25 AFM images of the coating development on the Al-10at.%Cu alloy surface 
after immersion for 30 s; (a) height image; (b) 2-dimensional image; (c) 3-dimensional 
topographic image. 
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Figure 5.26 AFM images of the coating development on the Al-10at.%Cu surface alloy 
after immersion for 60 s; (a) height image; (b) 2-dimensional image; (c) 3-dimensional 
topographic image. 
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Figure 5.27 AFM images of the coating development on the Al-10at.%Cu alloy surface 
after immersion for 180 s; (a) height image; (b) 2-dimensional image; (c) 3-dimensional 
topographic image. 
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Figure 5.28 AFM images of the coating development on the Al-10at.%Cu alloy surface 
after immersion for 300 s; (a) height image; (b) 2-dimensional image; (c) 3-dimensional 
topographic image. 
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Figure 5.29 AFM images of the coating development on the Al-10at.%Cu alloy surface 
after immersion for 600 s; (a) height image; (b) 2-dimensional image; (c) 3-dimensional 
topographic image. 
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Figure 5.30 Transmission electron micrographs of ultramicrotomed sections of Al-
30at.%Cu alloy following sputter deposition and conversion treatment in zirconium-
based conversion bath for (a) 30 s, (b) 60 s, and (c) 180 s. 
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Figure 5.30 Transmission electron micrographs of ultramicrotomed sections of Al-
30at.%Cu alloy following sputter deposition and conversion treatment in zirconium-
based conversion bath for (d) 300 s and (e) 600 s. 
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Figure 5.31 Loss of substrate thickness (a) and thickness of conversion coatings (b), 
determined from transmission electron micrographs for the Al-30at.%Cu alloy after 
zirconium-based conversion treatments. 
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Figure 5.32 AFM images of the coating development on the Al-30at.%Cu alloy surface 
after immersion for 30 s; (a) height image; (b) 2-dimensional image; (c) 3-dimensional 
topographic image. 
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Figure 5.33 AFM images of the coating development on the Al-30at.%Cu alloy surface 
after immersion for 60 s; (a) height image; (b) 2-dimensional image; (c) 3-dimensional 
topographic image. 
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Figure 5.34 AFM images of the coating development on the Al-30at.%Cu alloy surface 
after immersion for 180 s; (a) height image; (b) 2-dimensional image; (c) 3-dimensional 
topographic image. 
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Figure 5.35 AFM images of the coating development on the Al-30at.%Cu alloy surface 
after immersion for 300 s; (a) height image; (b) 2-dimensional image; (c) 3-dimensional 
topographic image. 
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Figure 5.36 AFM images of the coating development on the Al-30at.%Cu alloy surface 
after immersion for 600 s; (a) height image; (b) 2-dimensional image; (c) 3-dimensional 
topographic image. 
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Figure 5.37 Scanning electron micrographs of superpure aluminium after (a) 30 s (b) 60 
s (c) 180 s (d) 300 s and (e) 600 s immersion in the zirconium-based conversion bath.  
(c) (d) 
(e) 
(a) (b) 
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(b) 
Figure 5.38 The RBS spectra of superpure aluminium after (a) 0 s and (b) 30 s 
immersion in Zr-based conversion coating bath. 
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(d) 
Figure 5.38 The RBS spectra of superpure aluminium after (c) 60 s and (d) 180 s 
immersion in Zr-based conversion coating bath.  
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(f) 
Figure 5.38 The RBS spectra of superpure aluminium after (e) 300 s and (f) 600 s 
immersion in Zr-based conversion coating bath.  
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Figure 5.38 (g) Zirconium atoms in the coatings formed after immersion in zirconium 
bath. 
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Figure 5.39 Scanning electron micrographs of Al-1.0at.%Cu alloy after (a) 30 s, (b) 60s, 
(c) 180 s, (d) 300 s and (e) 600 s immersion in the zirconium-based conversion bath.  
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Figure 5.40 Scanning electron micrographs of Al-5.0at.%Cu alloy after (a) 30 s (b) 60 s 
(c) 180 s (d) 300 s and (e) 600 s immersion in the zirconium-based conversion bath.  
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Figure 5.41 Scanning electron micrographs of Al-10at.%Cu alloy after (a) 30 s (b) 60 s 
(c) 180 s (d) 300 s and (e) 600 s immersion in the zirconium-based conversion bath.  
(e) 
(c) (d) 
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Figure 5.42 RBS Spectra of Al-10at.%Cu alloy after (a) 0 s and (b) 30 s immersion in 
zirconium-based conversion coating bath. The bars indicate energies corresponding to 
Al, Cu, Zr, F and O at the surface. 
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Figure 5.42 RBS Spectra of Al-10at.%Cu alloy after (c) 60 s (d) and 180 s immersion in 
zirconium-based conversion coating bath. The bars indicate energies corresponding to 
Al, Cu, Zr, F and O at the surface. 
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Figure 5.42 RBS Spectra of Al-10at.%Cu alloy after (e) 300 s and (f) 600 s immersion 
in zirconium-based conversion coating bath. The bars indicate energies corresponding 
to Al, Cu, Zr, F and O at the surface. 
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Figure 5.43 Scanning electron micrographs of Al-30at.%Cu alloy after (a) 30 s (b) 60 s 
(c) 180 s (d) 300 s and (e) 600 s immersion in the zirconium-based conversion bath.  
(a) (b) 
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Figure 5.44 RBS Spectra of Al-30at.%Cu alloy after (a) 0 s and (b) 30 s immersion in 
zirconium-based conversion coating bath. The bars indicate energies corresponding to 
Al, Cu, Zr, F and O at the surface. 
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Figure 5.44 RBS Spectra of Al-30at.%Cu alloy after (c) 60 s and (d) 180 s immersion in 
zirconium-based conversion coating bath. The bars indicate energies corresponding to 
Al, Cu, Zr, F and O at the surface. 
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Figure 5.44 RBS Spectra of Al-30at.%Cu alloy after (e) 300 s and (f) 600 s immersion 
in zirconium-based conversion coating bath. The bars indicate energies corresponding 
to Al, Cu, Zr, F and O at the surface. 
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Figure 5.45 Oxygen quantities detected by nuclear reaction analyses of the conversion 
coatings developed on superpure aluminium and Al-30at.%Cu alloy. 
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Figure 5.46 Variation of the ratio of oxygen to zirconium with immersion time in the 
conversion treatment bath. 
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Figure 5.47 GDOES depth profile of the Al-1.0at.%Cu alloy after (a) 0 s  and (b) 30 s of 
immersion in the zirconium-based conversion coating solution.  
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Figure 5.47 GDOES depth profile of the Al-1.0at.%Cu alloy after (c) 180 s and (d) 300 
s of immersion in the zirconium-based conversion coating solution.  
(c) 
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Figure 5.47 GDOES depth profile of the Al-1.0at.%Cu alloy after (e) 600 s of 
immersion in the zirconium-based conversion coating solution.  
(e) 
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Figure 5.48 GDOES depth profile of the Al-10at.%Cu alloy after (a) 0 s and (b) 30 s of 
immersion in the zirconium-based conversion coating solution.  
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Figure 5.48 GDOES depth profile of the Al-10at.%Cu alloy after (c) 180 s and (d) 300 s 
of immersion in the zirconium-based conversion coating solution.  
(c) 
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Figure 5.48 GDOES depth profile of the Al-10at.%Cu alloy after (e) 600 s of immersion 
in the zirconium-based conversion coating solution.  
(e) 
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Figure 5.49 GDOES depth profile of the Al-30at.%Cu alloy after (a) 0 s and (b) 30 s of 
immersion in the zirconium-based conversion coating solution.  
(a) 
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Figure 5.49 GDOES depth profile of the Al-30at.%Cu alloy after (c) 180 s and (d) of 
immersion in the zirconium-based conversion coating solution.  
(c) 
(d) 
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Figure 5.49 GDOES depth profile of Al-30at.%Cu after (e) 600 s of immersion in the 
zirconium-based conversion coating solution.  
 
 
(e) 
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CHAPTER 6 
6 ASSESSMENT OF THE EFFECTIVENESS OF THE 
ZIRCONIUM CONVERSION COATING PROTECTION 
6.1 Introduction 
The corrosion protection performance of zirconium-based conversion coatings can be 
influenced by many factors such as composition, microstructure and surface pre-
treatment of the aluminium alloy substrate. As described in the previous chapter, the 
formation of zirconium conversion coating on aluminium alloys is highly 
heterogeneous. Corrosion of zirconium-based conversion coated substrates is likely to 
initiate at intermetallic compounds covered by thin coating layers, particularly after 
long-term exposure to the corrosive environments. Although the chemistry and structure 
of zirconium-based conversion coatings have been investigated, only a few studies have 
focused on the influence of alloying element such as copper on subsequent breakdown 
behaviour in chloride-containing solutions. In this section, the influence of the level of 
copper additions of the aluminium-copper alloys on zirconium-based conversion 
coating performance is studied. 
Electrochemical measurements, including potential-time behaviour and polarisation 
behaviour of various surface treated alloys, were used to distinguish the influence of 
metal composition on the corrosion and protection behaviour of zirconium-based 
conversion coatings. All potentials quoted are referenced to the saturated calomel 
electrode (SCE) and the polarisation experiments on zirconium-based conversion coated 
specimens were carried out in 3.5 wt% NaCl solution. In order to characterise the 
inhibitive nature of the zirconium-based coatings formed, anodic and cathodic 
polarisation curves were collected for superpure aluminium and aluminium alloys 
coupons in aerated and deaerated 3.5 wt.% NaCl solution. Anodic and cathodic 
polarisation was carried out at a scan rate of 16.995 mV/min. Polarisation curves were 
replicated a minimum of 2 times in aerated and deaerated solutions. The exposed 
specimen area of each specimen coupons was nominally 1 cm2.   
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6.2 Electrochemical Evaluation 
All polarisation curve measurements were preceded by a 2 hours measurement of the 
open circuit potential (OCP). Anodic polarisation curves were initiated -5 mV below the 
OCP and finishing at +1000 mV above the OCP. A scan rate of 16.995 mV/min was 
used in all the experiments. Cathodic polarisation curves were initiated +5 mV from the 
OCP and terminated -1000 mV below the OCP.   
6.2.1 Potential-time response 
6.2.1.1 Superpure aluminium 
The potential-time behaviour of the untreated and treated superpure aluminium and 
aluminium-copper model alloys prior to cathodic and anodic polarisation measurements 
is shown in Figures 6.1 (a) and 6.1 (b) respectively. Considering the potential-time 
behaviour of superpure aluminium before cathodic polarisation, the untreated 
aluminium specimen adopted an initial potential of -850 mV (SCE), after which the 
potential then decreased gradually to a value of -1280 mV after 6000 s. The potentials 
of the treated superpure aluminium specimens in 3.5 wt% NaCl solution showed a 
similar trend to that observed for the untreated specimen, with an increase of potential 
immediately on immersion which was followed by a relatively sharp decrease in 
potential. The initial immersion and steady state potential values were slightly different 
for all the treatment times. For the specimen given a 30 s treatment time, the potential of 
the specimen at the time of immersion was -966.33 mV (SCE). After 4000 s, the 
potential reached a steady state value of -1349.5 mV. For the specimen treated for 60 s 
in the conversion bath, the potential of the specimen at the time of immersion was -
847.56 mV. After 4000 s, the potential reached a steady state value of -1365.7 mV. The 
specimen treated for 180 s adopted an initial potential of -1010.9 mV initially, after 
which the potential decreased sharply to -1345.1 mV after 5000 s in the chloride 
solution. For the superpure aluminium specimen treated for 300 s, the potential at the 
time of immersion was -1039.9 mV. After 4000 s, the potential reached a steady state 
value of -1349.2 mV. For the 600 s treated specimen, the potential showed a similar 
trend to the other treatment times but with a decrease in potential from the initial open 
circuit potential value of -1157 mV to -1274.7 mV after 2288 s. The potential then 
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further decreases slightly to a steady value -1289.2 mV after 6440 s over the period of 
immersion in the NaCl solution. 
Figure 6.1 (b) reveals the potential-time behaviour of the untreated and treated 
superpure aluminium specimens recorded during immersion in deaerated 3.5 wt% NaCl 
solution. For the untreated superpure aluminium electrodes, it is evident that after the 
initial potential of -1473 mV (SCE), there was a steep rise in potential being followed 
by a decrease in potential from the maximum value -1390 mV (SCE) after 1000 s 
immersion in the chloride solution, to a relatively constant value of -1465 mV. The 
potential-time response of the superpure aluminium specimen treated for 30 s shows an 
initial potential of -1433.4 mV; this potential increased gradually to -1396.5 mV over 
3000 s; thereafter, it increased slowly over 7000 s to -1383.2 mV. For the specimen 
treated for 60 s, the potential dropped from the initial value of -1415.1 mV to -1429.2 
mV after 250 s, and recovered to -1418.6 mV (SCE) after 1000 s; after which the 
potential was maintained in the range of -1416.9 mV to -1415.0 mV after 3000 s. 
Thereafter, the potential increased slightly and, after 7000 s, it reached a value of -
1399.9 mV. For the 180 s treated specimen, the potential showed a similar trend to the 
specimen treated in the zirconium-based bath for 60 s, with a relatively sharp decrease 
in potential from the initial value of -1375.3 mV to -1403.2 mV after 380 s. The 
potential then rose to -1389.2 mV (SCE) after 3066 s and maintained a value in the 
range of -1388.4 mV to -1387.5 mV over the period of immersion in the chloride 
solution. The specimen treated for 300 s also showed a similar trend to the ones treated 
for 60 s and 180 s, with a decrease in potential from the initial value of -1345.9 mV to -
1418.2 mV after 867 s. Thereafter, the potential increased to -1404.4 mV (SCE) after 
3000 s and maintained a value in the range of -1397.1 mV to -1395.8 mV over the 
whole period of immersion in the sodium chloride solution. For the superpure 
aluminium specimen treated in the zirconium bath for 600 s, an initial potential of -
1233.7 mV was adopted at the time of immersion in the chloride solution. After the 
initial potential at the time of immersion, the potential of the specimen fell rapidly to -
1333.5 mV (SCE) after 102 s; subsequently, the potential slowly decreased to -1402.4 
mV after 2724 s. Thereafter, the potential remained approximately constant at a value in 
the range of -1403.7 mV to -1397.8 mV. 
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Compared with the potential value of the untreated superpure aluminium specimen in 
deaerated sodium chloride solution, the immersion of the specimens in the zirconium-
based bath solution increased the open circuit potential of the treated specimens, 
suggesting an anodic inhibition role of the zirconium-based conversion coatings formed 
on the superpure aluminium substrates. It was also observed that the open circuit 
potential of the conversion coated specimens increased with the increase in treatment 
time. However, under the naturally aerated conditions, the conversion treatment of the 
superpure aluminium substrates resulted in a decrease in the open circuit potential 
values compared with the untreated specimen.  
6.2.1.2 Aluminium-copper model alloys 
Figure 6.2 is representative of the variation in open circuit potential (Ecorr), with time for 
untreated and treated aluminium-copper model alloys containing 1, 5, 10 and 30 at.% 
Cu, recorded during immersion in naturally aerated sodium chloride solution. In 
contrast with the superpure aluminium specimens, the observed open circuit potential 
were not stable with fluctuations in potential being more pronounced, especially with 
high copper content alloys. The observed fluctuations in open circuit potential of the 
treated and untreated aluminium copper  model alloys requires further consideration of 
the cathodic and anodic polarisation behaviour of the alloys which contributes to the 
monitored potential response with time. 
The variation of open circuit potential with time for the Al-1.0at.%Cu alloy observed 
during immersion of the untreated and treated specimens in deaerated 3.5 wt% NaCl 
solution is shown in Figure 6.3. An initial open circuit potential of -900 mV (SCE) at 
the time of immersion, was evident for the as-sputtered alloy, after which it decreased at 
a steep rate to -1290 mV after 1000 s of immersion in the chloride solution followed by 
a period of rapid potential fluctuations between -1278.1 mV and -1246.8 mV. For the 
alloys treated for 30 s in the zirconium bath, the initial potential was -1383.3 mV (SCE). 
A small peak (1372.3 mV) was observed after 102 s which increased gradually to -
1248.3 mV after 1795 s and, thereafter, remained in the range -1246.8 mV to -1220.8 
mV for the duration of the run. For the specimen treated for 60 s, a similar trend to the 
30 s treatment time was observed. The initial potential was -1015.5 mV after which the 
potential then increased to -678.2 mV after 4000 s and maintained a value in the range 
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of -672.8 mV to -666.2 mV over the period of immersion in the NaCl solution. After the 
initial open circuit potential of -643.9 mV (SCE), observed for the alloy treated for 
180s, the potential fell to -855.58 mV after 3500 s and this potential was maintained for 
the next 500 s, after which the potential did not stabilise, but continued to drift in a 
noble direction. This trend was continued with the longer treatment times of 300 s and 
600 s with the initial open circuit potential of -939.95 mV and -776.59 mV respectively. 
Figure 6.4 shows the potential-time behaviour of the Al-5.0at.%Cu alloy in deaerated 
3.5 wt%  NaCl solution before and after conversion treatment. The initial open circuit 
potential of the as-sputtered alloy at the time of immersion was approximately -903 mV 
(SCE). The potential dropped rapidly to -1122 mV in the early stages of immersion in 
sodium chloride solution and recovered to -955 mV after 550 s with a subsequent fall to 
-1135 mV after 2267 s; this was followed by a slight increase of potential with time up 
to a maximum value of -975.6 mV. The specimens treated for 30 s initially adopted a 
potential of -875.09 mV (SCE) in the chloride solution. The potential then increased 
slightly to -843 mV after 410 s of immersion in the chloride solution and this potential 
was then maintained in the range -851 mV to -843 mV for the next 491 s; the potential 
increased to – 495.19 mV after 4323 s and, thereafter, the potential behaviour was 
characterised by frequent fluctuations for the rest of the duration of immersion in the 
chloride solution. The potential-time responses of the specimens treated for 60 s, 180 s, 
300 s and 600 s were characterised by frequent fluctuations in potential of up 167 mV, 
177 mV, 289 mV and 218 mV in magnitude respectively. These fluctuations in potential 
are usually attributed to the effects of localised corrosions such as pitting.  
In contrast, when the alloy copper content was further increased to 10 at.% and 30 at.% 
(Figures 6.5 and 6.6), the open circuit potentials were generally characterised by 
pronounced fluctuations in potential for the untreated and treated alloys. This suggests 
that the conversion coated high copper-content aluminium alloys may be more 
susceptible to pitting attack than superpure aluminium and those alloys containing low 
levels of copper. 
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6.2.2 Cathodic polarisation 
6.2.2.1 Superpure aluminium 
The cathodic polarisation response of the treated and untreated superpure aluminium in 
aerated 3.5 wt.% NaCl solution is shown in Figure 6.7. The cathodic polarisation curves 
of the treated superpure aluminium specimens were shifted to lower potentials 
compared to the as-sputtered specimens. The corrosion current density was determined 
for each specimen by the ACM analysis software. The corrosion current density values 
obtained are plotted as a function of treatment times in the zirconium-based solution in 
Figure 6.8. The plot shows that the corrosion current densities of superpure aluminium 
specimens increases after shorter treatment times (30 s and 60 s), but decreases as the 
treatment time was increased (180 s, 300 s and 600 s) when compared with the 
corrosion current density of the untreated specimen. Due to the presence of thicker 
coating deposition, the longer treatment times resulted in significantly lower corrosion 
current density. Specimens after cathodic polarisation studies were observed by optical 
microscopy and the surface appearance for various treatment conditions are displayed in 
Figures 6.9 (a) – 6.9 (f). After the cathodic polarisation, few pits were found on the 
surface of the conversion treated superpure aluminium specimens. In contrast, some 
dark corroded areas, with obvious pits were found on the as-sputtered superpure 
aluminium specimen, suggesting that the conversion treated specimens possess better 
corrosion resistance compared with the untreated specimen. The results of the optical 
microscopy investigations of the as-sputtered and conversion treated superpure 
aluminium surfaces subjected to intensive cathodic polarisation supports the above 
electrochemical features.  
6.2.2.2 Al-1.0at.%Cu alloy 
The cathodic polarisation behaviour of the untreated and zirconium conversion coated 
Al-1.0at.%Cu alloys are shown in Figure 6.10. For the as-sputtered alloy, the initial 
open circuit potential shifted in the positive direction and the diffusion controlled 
cathodic current density was about 4.17 × 10-6 A/cm2. After the relatively short 
treatment time of 30 s, a limiting current density was not clearly evident; a decrease of 
cathodic current density (2.52 × 10-6 A/cm2 and 1.24 × 10-6 A/cm2) was observed with 
further increase of treatment time to 60 s and 180 s respectively. Increased cathodic 
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current densities were recorded with further increase in treatment time (300 s and 600 
s). The corrosion current density (Icorr) values obtained after polarisation is plotted as a 
function of treatment times in the zirconium-based solution in Figure 6.11. The plot 
shows that the corrosion current densities of the Al-1.0at.%Cu alloy decrease after 
shorter treatment times (30 to 180 s) in the zirconium bath compared with the as-
sputtered specimen. However, the corrosion current density increases with increase in 
treatment time (300 s and 600 s) compared with the corrosion current density of the as-
sputtered alloy. After cathodic polarisation studies, the polarised specimens were 
observed under an optical microscope and the corresponding surface appearance after 
for various treatment times is displayed in Figures 6.12 (a) – 6.12 (f). After cathodic 
polarisation, several small pits of a few microns in size were found on the as-sputtered 
and the alloy specimen conversion coated for 30 s. In contrast, the appearance of the 
alloy specimen coated for 60 s revealed that the corrosion attack is less severe in this 
alloy after this treatment time compared with all other treatment conditions. The 
corrosion attack appeared to be more severe on the surface of the alloy specimen 
conversion coated for 600 s.  
6.2.2.3 Al-5.0at.%Cu alloy 
Figure 6.13 shows the cathodic polarisation behaviour of the as-sputtered and 
conversion coated Al-5.0at.%Cu alloy. The limiting current density of the as-sputtered 
specimen is 3.33 × 10-6 A/cm2. For the 180 s and 300 s treatment times, the diffusion 
controlled process was not apparent; however, a small increase of the cathodic current 
density was revealed compared with the as-sputtered alloy. Here, the effect of the 
zirconium conversion coating formed on the alloy surface is the reduction in the open 
circuit potential observed, as well as an increase in the cathodic current densities.  In 
Figure 6.14, the corrosion current density (Icorr) values obtained after polarisation of the 
alloy is plotted as a function of immersion times in the zirconium-based solution. The 
plot shows that the corrosion current density of the Al-5.0at.%Cu alloy increases during 
the polarisation of the specimen treated for 30 s in the zirconium bath, after which the 
corrosion current density decreases with increase in treatment time in the coating bath. 
The surface of the zirconium conversion treated alloy specimens after polarisation tests 
were examined using optical microscopy and the corrosion morphologies revealed are 
displayed in Figures 6.15 (a) – 6.15 (f). After cathodic polarisation, several small pits of 
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a few microns in size were observed on the as-sputtered alloy and the alloy specimen 
conversion coated for 30 s. Some blisters were observed on the surface of the alloy after 
prolonged treatment time of 600 s. The dark colour observed on the surface of the alloy 
specimen after this conversion treatment time is likely due to corrosion product 
developed on the surface of the alloy.  
6.2.2.4 Al-10at.%Cu alloy 
A typical cathodic polarisation curve obtained for as-sputtered and treated specimens of 
Al-10at.%Cu alloy in contact with 3.5 wt.% NaCl solutions is shown in Figure 6.16. For 
the as-sputtered alloy (0 s), a limiting current density of 5.76 × 10-6 A/cm2, was evident. 
The influence of treatment in the zirconium bath is to increase the cathodic current 
densities compared with the untreated specimen but not to marked extents since typical 
cathodic current densities were of the order of 10-6 A/cm2; however, a decrease of 
cathodic current densities was revealed with increase in treatment time in the conversion 
bath solution. The corrosion current density (Icorr) values obtained after polarisation is 
plotted as a function of treatment times in the zirconium-based solution in Figure 6.17. 
The plot shows that the corrosion current density of the Al-10at.%Cu alloy increases 
after shorter treatment times (30 to 60 s) in the zirconium bath. However, the least 
corrosion current density was recorded for specimen treated for 600 s. After the 
polarisation tests, the alloys were observed by an optical microscope in order to study 
the morphology and evolution of corrosion products formed on the material surface. 
Figures 6.18 (a) – 6.18 (e) show the presence of pits with different sizes on the surfaces 
of the alloy specimens after cathodic polarisation. However, only a few discrete blisters 
and corrosion products were observed on the surface of alloy surface coated for 600 s 
(Figure 6.18 (f)), indicating good resistance to localised corrosion. This is likely due to 
the presence of thick oxide layer (confirmed by the NRA results) developed after 
prolonged conversion treatment time of 600 s.  
6.2.2.5 Al-30at.%Cu alloy 
The cathodic polarisation behaviour of the as-sputtered and treated alloy in chloride 
solution is shown in Figure 6.19. The cathodic behaviour of the untreated (0 s) 
specimen revealed a limiting current density of 2.15 × 10-5 A/cm2. A significant 
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reduction in the cathodic current density is revealed for the conversion coated alloy 
specimens. However, the least cathodic current density was recorded for specimens 
conversion coated for 60 s. Typical current densities of the conversion coated specimens 
were of the order 10-5 A/cm2. Figure 6.20 shows the influence of the treatment time on 
the corrosion current density of the conversion coated alloy. The plot shows that the 
corrosion current densities of the Al-30at.%Cu alloy increases initially after shorter 
treatment times (30 to 60 s) in the zirconium bath, but it reduces after longer treatment 
times. The specimens were observed after the polarisation tests by optical microscopy in 
order to study the corrosion morphology on the surface of the alloys. Figures 6.21 (a) – 
6.21 (f) show the presence of blisters on the surface of the alloy specimens after 
polarisation. Significant level of blistering is observed on the surface of the alloy 
specimens treated in the zirconium conversion coating bath for relatively short 
conversion treatment times.  
6.2.3 Anodic polarisation 
6.2.3.1 Superpure aluminium 
Figure 6.22 shows typical anodic polarisation curves obtained with as-sputtered and 
conversion treated superpure aluminium exposed to deaerated 3.5 wt.% NaCl solutions. 
All the specimens showed classical passive regions with the current density practically 
independent of applied potential up to the pitting potentials of the specimens. Upon 
polarisation, a passive current density of 2.30 × 10-7 A/cm2 was observed for the 
untreated (as-sputtered) alloy. An increase in open circuit and pitting potentials is 
revealed for conversion coated specimen compared with the as-sputtered superpure 
aluminium specimen. The specimen treated for 60 s has the higher pitting potential of 
668.66 mV. The anodic current densities decreased with increasing treatment time 
except for the specimens treated for longer immersion time of 600 s, where a current 
density of 1.53 × 10-7 A/cm2 was observed. Figure 6.23 shows the influence of the 
treatment time on the corrosion current density of the conversion coated superpure 
aluminium specimens during anodic polarisation measurements. The plot shows that the 
corrosion current densities of the superpure aluminium specimen treated for 30 s in the 
conversion bath increases initially, but the corrosion current density value reduces 
significantly for specimen treated for 60 s in the conversion bath. However, after longer 
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treatment times the plot shows that the corrosion current densities of the superpure 
aluminium specimens increases during anodic polarisation measurement. 
6.2.3.2 Al-1.0at.%Cu alloy 
Figure 6.24 displays the anodic polarisation curves recorded in 3.5 wt.% NaCl solution 
for Al-1.0at.%Cu alloy treated for 0 s, 60 s, 180 s, 300 s and 600 s in the zirconium-
based conversion baths. The polarisation curves show that the increase in treatment time 
give rise to changes in both the anodic current density and the pitting potential of the 
specimens of the Al-1.0at.%Cu alloy. When the alloy specimens were conversion 
treated in the conversion baths, an increase is produced in the corrosion potential for 
various treatment conditions. For the specimens treated in the zirconium conversion 
bath for 60 s, pitting commenced almost from the commencement of polarisation. 
Pitting of the alloy specimens occurred at potential of about 714, 484, 299 and 354 mV 
above Ecorr for specimens treated for 0, 30, 180 and 300 s respectively in the conversion 
bath solution.  The anodic reaction on the as-sputtered and conversion treated Al-
1.0at.%Cu alloy appears to be controlled by the pitting of the alloy in chloride solution. 
Thus, the alloy specimens immersed for 30 s in the conversion treatment bath provides 
significant barrier protection for the Al-1.0at.%Cu alloy. The corrosion current density 
(Icorr) values obtained (using the ACM analysis software) after polarisation is plotted as 
a function of treatment times in the zirconium-based conversion bath solution is shown 
in Figure 6.25. The plot shows that the corrosion current densities of the Al-1.0at.%Cu 
alloy decreased significantly for specimens treated for the shorter treatment time of 30 s 
in the zirconium bath. However, the highest corrosion current density was recorded for 
specimen treated for 180 s.  
6.2.3.3 Al-5.0at.%Cu alloy 
Anodic polarisation curves in deaerated 3.5 wt.% NaCl solution for the Al-5.0at.%Cu 
alloy in the as-sputtered and conversion treated conditions are shown in Figure 6.26. No 
passive region is evident for the treated alloy specimens after the various treatment 
times but the open circuit potential shifted to more positive values for the conversion 
treated specimens. Figure 6.27 shows that the corrosion current density (obtained using 
the ACM analysis software) of the alloy increases sharply for specimens treated for 30 s 
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but subsequently the corrosion current density of the specimen decreased as treatment 
times increases; however, the corrosion current density values of the alloy after 
prolonged treatment times (above 30 s) were found to be higher compared with that for 
the as-sputtered alloy specimen. 
6.2.3.4 Al-10at.%Cu alloy 
The anodic polarisation behaviour of the Al-10at.%Cu  alloy in 3.5 wt.% NaCl solution 
before and after treatment in the zirconium-based conversion bath is shown in Figure 
6.28. With the exception of the alloy specimen conversion coated for 180 s, the 
influence of treatment in the zirconium bath is to increase the open circuit potential and 
the anodic current densities compared with the as-sputtered alloy specimen. The 
corrosion current density (Icorr) values determined by ACM analysis software after 
polarisation are plotted as a function of treatment times in the zirconium-based solution 
as shown in Figure 6.29. The plot shows that the corrosion current densities of the Al-
10at.%Cu alloy increased as treatment times increased except for specimens treated for 
180 s in the zirconium bath. Thus, the treatment time of 180 s appears to provide some 
optimised protection for the Al-10at.%Cu alloy.  
6.2.3.5 Al-30at.%Cu alloy 
Figure 6.30 shows the anodic polarisation behaviour of the Al-30at.%Cu alloy 
specimens in the as-sputtered and treated condition, in deaerated chloride solution. A 
comparison of Figure 6.30 indicates that the specimen treated for 180 s in the 
conversion coating bath has an extensive passive region extending from -834.12 mV to 
the pitting potential of -521.95 mV. The open circuit potential was at a lower value and 
was significantly distanced from the pitting potential. No passive region is observed for 
the other treatment times except for the alloy specimen immersed in the conversion bath 
for 300 s with a passive region extending from -814.61 mV to the pitting potential of -
758.52 mV. With the exception of the alloy specimen treated for 600 s in the conversion 
bath solution, the passive current densities recorded for the treated alloy specimens 
decreased compared to that of the as-sputtered (0 s) specimen. Figure 6.31 shows the 
plot of the corrosion current density as a function of treatment time. It is clear from the 
plot that the corrosion current densities of the Al-30at.%Cu alloy decreases initially for 
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specimens treated for 30 s, but increased slightly for shorter treatment time of 60 s. 
However, the lowest corrosion current density for the Al-30at.%Cu  alloy was recorded 
for specimens treated for 180 s in the conversion bath solution. Thus, the treatment time 
of 180 s appears to provide significant barrier protection for the Al-30at.%Cu alloy.  
6.3 Filiform Corrosion Testing 
As the use of aluminium alloys is continuously increasing in the automotive and 
aerospace industries, filiform corrosion of these alloys in a range of service conditions 
and applications has become a growing concern. Improving the anti-corrosion and 
adhesion properties of conversion coating layer/aluminium alloy interface is significant 
to the quality of films and applied coatings formed on aluminium alloys. Filiform 
corrosion, which is characterised by a lateral propagation of filaments, usually occurs at 
defects in the coating and, this results in poor coating integrity such as delamination and 
blistering. The purpose of this section is to examine the effect of zirconium-based 
conversion treatment on filiform corrosion on aluminium and binary aluminium-copper 
alloys. Scribed specimens in both as-sputtered and conversion treated conditions were 
tested in anticipation that the filiform corrosion test results will provide information 
regarding the protective effects of the conversion layers formed on the conversion 
treated specimens. Corrosion was initiated by introducing droplets of 16 wt.% HCl 
solution into the scribe for 2-3 minutes. At the end of the filiform corrosion test, which 
consisted of 3000 h exposure in the humidity chamber, the extent of filiform corrosion 
on the various specimens were compared qualitatively by analysing the images from the 
digital scanner and quantitatively by measuring and reporting the average maximum 
filament length using the Digimizer image analyser software. The information obtained 
in the preceding chapters should also be useful in explaining the differences in filiform 
corrosion kinetics. 
6.3.1 Filiform corrosion morphology and kinetics 
The filiform corrosion susceptibility of the specimens was assessed by the average of 
the three longest corrosion filaments measured perpendicular to the scribe. The 
corrosion test results obtained in this study are summarised in Figures 6.32 - 6.36 and 
the digital images showing the filiform corrosion morphology of the superpure 
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aluminium and the model aluminium-copper alloys following 3000 h of exposure in the 
humidity chamber are displayed in Figures 6.37 - 6.41.   
A comparison of Figure 6.32 for the superpure aluminium specimens indicates that the 
as-sputtered (0 s) aluminium substrate was highly susceptible to filiform corrosion. It 
can be seen that the zirconium-based conversion treatments significantly reduce the 
length of the longest filaments formed on the conversion treated superpure aluminium 
substrates. At the end of 3000 h exposure in the humidity chamber, specimens treated 
for 30 s showed significant resistance to filiform corrosion while those treated for 300 s 
in the zirconium-based conversion bath showed significantly more corrosion attack 
when compared with the other treatment times.   
For the Al-1.0at.%Cu alloy specimens (Figure 6.33), the zirconium-based conversion 
treatment gave a significant improvement in corrosion resistance relative to the as-
sputtered (0 s) specimens. The specimens treated for 180 s in the zirconium conversion 
bath were most severely affected by filiform corrosion than the other treatment times. 
An immersion time of 300 s gave a significant improvement to the filiform corrosion 
resistance of the Al-1.0at.Cu alloy compared with the other conversion treatment times. 
The filiform growth rate on the as-sputtered specimen was approximately more than 
twice that on specimen treated for 300 s in the conversion bath solution. 
The filament growth on the alloy specimen treated for 600 s almost stopped after 840 h 
of exposure while on the as-sputtered alloy specimens, the filament growth continued in 
a linear relationship with exposure time in the humidity chamber (Figure 6.34). Again, 
the Al-5.0at.%Cu alloy in the as-sputtered condition exhibited a high susceptibility to 
filiform corrosion attack compared to the conversion treated alloy specimens. No 
significant decrease in filament length was revealed for the specimen of Al-5.0at.%Cu 
alloy after conversion treatment for 180 s compared with the as-sputtered specimen. 
After 3000 h of exposure to the humid environment, a considerable decrease in average 
filament length was obtained by conversion treatment of the Al-5.0at.%Cu alloy, as 
observed in Figures 6.34 and 6.39. 
The influence of conversion treatment times on the susceptibility of the Al-10at.%Cu 
alloy is summarised in Figure 6.35. The highest corrosion susceptibility was still 
observed on the as-sputtered alloy while the conversion treated alloy exhibited less 
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corrosion susceptibility throughout the exposure time. The treatment times of 30 and 60 
s have a strong inhibiting effect on the filiform corrosion properties of the Al-10at.%Cu 
alloy, while the longer conversion treatment time (180 s – 600 s) resulted in less 
significant corrosion resistance.  
The as-sputtered Al-30at.%Cu alloy  specimens exhibited severe attack in the early 
stage of exposure (Figures 6.36 and 6.41(a)). Unlike the Al-10at.%Cu alloy, where 
shorter treatment times in the conversion bath, gives rise to a superior resistance to 
filiform corrosion, the Al-30at.%Cu alloy specimens treated for longer immersion times 
of 180 s and above, in the zirconium bath, significantly improved the corrosion 
resistance of the alloy. The lowest corrosion susceptibility was observed on specimens 
conversion treated for 600 s.  
6.4 Salt Spray Testing 
Salt spray testing was carried out on acrylic-coated as-sputtered and selected conversion 
coated specimens in order to assess the effect of conversion coating time and copper 
content of aluminium-copper alloys on coating resistance. As described in section 
3.15.2, the salt spray testing was performed in a 5 wt% NaCl salt fog. The acrylic-
coated coupons for selected conversion coating conditions were scribed and exposed to 
1000 h of salt fog under conditions identical to those of the uncoated (as-sputtered) 
specimens. The specimens were inspected regularly and photographs were recorded 
before, during and at the termination of the test (1000 h of exposure in the salt spray 
cabinet) to assess the level of corrosion damage that occurred during the 1000 h of 
ASTM B117 salt spray testing.  
Figures 6.42 – 6.46 shows photographs of scribed acrylic coated specimens (in the as-
sputtered and conversion treated conditions) illustrating the type of corrosion damage 
observed after exposure to the salt fog for 1000 h. The specimens were ranked from “0” 
to “5” according to the number of pits and the corrosion product accumulated. A 
ranking of “0” indicates the best performance while ranking of “5” indicate severe 
corrosion. A complete listing of the degree of corrosion damage observed after 168, 
336, 504 and 1000 h exposure in the salt spray chamber is found in Table 6.1.   
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Table 6.1 Rankings of the degree of corrosion of specimens after salt spray testing for 
168 h, 504 h and 1000 h. 
Specimen Conversion 
treatment 
time 
Visual inspection 
168 h 336 h 504 h 1000 h 
 
 
Superpure 
aluminium 
0 s 2 2 2 4 
30 s 1 1 1 3 
180 s 0 1 2 2 
300 s 2 2 2 2 
600 s 2 2 2 3 
 
 
 
Al-1.0at.%Cu 
0 s 2 2 3 4 
30 s 2 2 2 2 
180 s 1 1 3 4 
300 s 2 3 3 3 
600 s 2 2 2 3 
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Table 6.1: (continued) 
Specimen Conversion 
treatment time 
Visual inspection 
168 h 336 h 504 h 1000 h 
 
 
Al-5.0at.%Cu 
0 s 3 4 4 5 
30 s 3 3 3 4 
180 s 2 2 2 4 
300 s 2 2 2 4 
600 s 2 2 2 3 
 
 
 
Al-10at.%Cu 
0 s 3 4 4 5 
30 s 2 2 3 4 
180 s 2 3 3 4 
300 s 3 3 3 4 
600 s 2 3 3 5 
 
 
 
Al-30at.%Cu 
0 s 4 5 5 5 
30 s 3 5 5 5 
180 s 2 4 5 5 
300 s 3 4 5 5 
600 s 4 5 5 5 
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Figures 6.47 – 6.50 show the effect of copper content in the aluminium-copper alloys 
and the zirconium-based conversion treatment time on corrosion damage. After 168 h of 
exposure (Figure 6.47), the superpure aluminium specimen treated in the zirconium-
based conversion treatment bath for 180 s displayed the best overall performance with 
no observed pitting, blistering and complete protection of the scribe. All other treated 
specimens exposed to the salt fog displayed some pitting, blistering, attack in the scribe, 
or some combination of two or three forms of corrosion attack. A significant effect of 
the conversion treatment time on the performance of the conversion coating was also 
noted. The specimens (superpure aluminium and Al-Cu alloys) treated for 180 s appears 
to exhibit strong to moderate corrosion protection as shown in Figure 6.47. For the Al-
5.0at.%Cu alloy, the specimens treated for 180, 300 and 600 s in the conversion bath all 
have the same performance, much better compared to the as-sputtered and 30 s treated 
specimens. The aluminium-copper alloys treated in the zirconium conversion bath for 
180 s showed little dependence on the percentage copper concentration for the Al-
1.0at.%Cu alloys (strong performance). However, the 180 s conversion coated Al-
5.0at.%Cu, Al-10at.%Cu  and Al-30at.%Cu alloys all exhibited similar performances 
(moderate). 
After 336 and 504 h of exposure (Figures 6.48 – 6.49), the superpure aluminium 
specimens treated for 180 s performed better than the copper-containing aluminium 
alloys. A significant effect of percentage copper composition of the alloys on the 
corrosion performance of the conversion treated alloys was observed. At the end of the 
504 h of exposure, the aluminium-copper alloys containing moderate levels of copper 
(Al-1.0at.%Cu and Al-5.0at.%Cu alloys) performed better than those with higher 
percentages of copper in their composition. Moderate coating performance was 
observed on all the conversion treated Al-30at.%Cu alloy specimens after 336 h of 
exposure. Heavy corrosion product, severe pitting and blistering were observed on the 
as-sputtered and conversion coated Al-30at.%Cu alloy specimens exposed for 504 h. 
This clearly showed that the zirconium-based conversion treatment failed on this 
copper-rich aluminium alloy within 504 h of exposure to the salt spray chamber. 
At the end of 1000 h exposure to the salt spray, the conversion coated superpure 
aluminium specimens exhibited moderate to high coating performances. The specimens 
conversion treated for 180 s exhibited good corrosion performance compared with all 
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other treatment times. For the aluminium-copper alloys containing moderate levels of 
copper (Al-1.0at.%Cu and Al-5.0at.%Cu alloys), the 180 s conversion treatment time 
offers improved performance than all other conversion treatment times (Figure 6.50). 
Specifically, all the A-30at.%Cu alloy specimens were severely corroded. It is noted 
that the salt spray testing did change the appearance of the tested specimens. The 
surfaces of the specimens treated for 60 and 180 s were not as dark as all other A-
30at.%Cu alloy specimens exposed to the salt fog for 1000 h (see Figure 6.46). From 
the results above, it can be concluded that both the conversion treatment time and the 
percentage copper composition of the copper-containing aluminium alloys have 
significant effect on the coating performance of zirconium-based conversion treated 
superpure aluminium and aluminium-copper alloys.   
6.5 Discussion 
The potential-time and polarisation records of the specimens reveal that the conversion 
treatment time influences the behaviour of the zirconium-based conversion coatings 
formed on the alloy surfaces in the presence of chloride species. In order to compare the 
influence of the zirconium conversion coating on aluminium-copper alloys, their 
behaviour on superpure aluminium (with no deliberate alloying addition) is considered 
initially, thus providing a basis for comparing the alloy behaviour.  
6.5.1 Electrochemical corrosion behaviour of the coatings  
6.5.1.1 Polarisation studies of superpure Aluminium 
The open circuit potential and polarisation behaviour reveal that as-sputtered superpure 
aluminium specimen in 3.5 wt.% NaCl solution is in the passive region under natural 
immersion conditions, with a potential of approximately -1255 mV, which is well below 
the pitting potential of –745 mV. Under this condition, the superpure aluminium 
specimen is in the passive state with the initial air-formed alumina film presenting a 
passive surface in the aqueous solution [63-65]. In chloride-containing environment 
however, localised breakdown of the protective aluminium oxide film, proceeding at 
sites of mechanical flaws is repaired. Hence, repassivation proceeds spontaneously at 
the potential of natural immersion [169].  
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After shorter immersion times of 60 s in the conversion bath solution, the cathodic 
current density was reduced. Such behaviour indicates that after this treatment time, the 
zirconium conversion coating significantly blocks the path of the oxygen reduction 
reaction. Hence, the corrosion current density of the shorter immersion time of 60 s in 
the zirconium bath indicates the best inhibition performance compared to other 
treatment times. 
The anodic polarisation curve of the as-sputtered superpure aluminium specimen in 
deaerated sodium chloride solution reveals a passive region below the pitting potential. 
The passive current density was of the order of 10-7 A/cm2 and the pitting potential was 
-750 mV. For the conversion coated specimens treated for relatively short periods (30, 
60, 180 s), the passive current densities were approximately the same as that obtained 
for the as-sputtered specimen. However, for specimens immersed for 300 s, the passive 
current density was reduced, but remained in the order of 10-7 A/cm2 while a slight (in 
the order of 10-7 A/cm2) increase in current density was observed for the specimen 
treated for 600 s in the zirconium bath. This is likely due to the presence of some 
defects in the coatings developed on the superpure aluminium specimen after the 
prolonged treatment time of 600 s. With the exception of the specimens conversion 
treated for the 60 s, which shows a large increase in pitting potential, the increases in the 
pitting potential of all the other treatment times were low. The behaviour of the 
aluminium specimens treated for 60 s in the zirconium bath i.e. reduction of the passive 
current density and increase in pitting potential suggest that the zirconium-based 
conversion coatings formed on the aluminium substrate modifies the behaviour of the 
superpure aluminium substrate at flaw sites thus limiting the dissolution of Al3+ ions. 
The ZrO2 layer strongly reduces the area available for cathodic reactions, which is 
expected to take place only in the areas of film containing defects and thus, it blocks the 
path for oxygen reduction reaction.   
By comparing the cathodic and anodic polarisation curves (Figures 6.7 and 6.22) for 
superpure aluminium, it is evident that in deaerated solutions the corrosion potential of 
aluminium was significantly shifted to more negative potential values compared to the 
corrosion potential exhibited by superpure aluminium in aerated solution. This 
phenomenon indicates that, in aerated solution, oxygen reduction reaction taking place 
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on the aluminium surface is a decisive cathodic process determining the open circuit 
potential of aluminium [13].  
6.5.1.2 Polarisation studies of the binary model Al-Cu alloys 
The behaviour of the as-sputtered aluminium-copper (1.0, 5.0, 10 and 30 at.% Cu)   
alloy in 3.5 wt.% NaCl solution differs from that of the superpure aluminium. The 
deliberate addition of the copper alloying element contributes to the change in the 
measured open circuit potential. Additionally, second phase particles such as Al2Cu 
(identified by XRD study) is present in these alloys, with potential differences from the 
adjacent matrix, creating additional cathodic and anodic sites on the alloy substrate.  
The open circuit potential of the as-sputtered Al-1.0at.%Cu, Al-5.0at.%Cu, Al-
10at.%Cu and Al-30at.%Cu alloy in aerated sodium chloride solution are -725.91, 
718.69, 762.58 and 710.08 mV respectively. These values are very close to the pitting 
potential of superpure aluminium. Thus, thermodynamically, the addition of copper 
alloying element shifts the open circuit potential in the positive direction which is in 
good agreement with the results obtained by Galvele et al [31].  
The cathodic polarisation curves of the various alloys reveal that the cathodic reaction 
of the as-sputtered alloys is mainly that of oxygen reduction, with a limiting current 
density in the range of 10-6 A/cm-2 for the Al-1.0at.%Cu, Al-5.0at.%Cu, and Al-
10at.%Cu alloys  which is 10 times greater than that for superpure aluminium. 
However, for the Al-30at.%Cu alloy, a limiting current density in the range of 10-5 
A/cm-2, which is 100 times greater than that for superpure aluminium, was obtained. 
Hence, it is evident that for aluminium alloys with deliberate copper alloying element, 
the relatively noble Al2Cu intermetallic particles create increased population densities of 
the effective cathodic sites to support the oxygen reduction reaction. Furthermore, in 
terms of kinetics, the exchange current density for oxygen reduction reaction at such 
sites is greater than the active flaw sites on superpure aluminium substrates.  
The Al-1.0at.%Cu alloy specimens  conversion coated for 60 s and 180 s exhibit a 
strong and moderate increase in open circuit potential respectively and a strong 
reduction (for specimens coated for 60 s) of the cathodic current density compared to 
the as-sputtered alloy, thus indicating that zirconium conversion coating layer formed 
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after this treatment times inhibit cathodic reactions. Furthermore, the corrosion 
potentials of the conversion treated alloy specimens were displaced in the negative 
direction. This suggests the tendency of the zirconium conversion coatings to inhibit the 
cathodic reactions. The cathodic reaction taking place on both the surface of the as-
sputtered and conversion coated alloy is that of oxygen reduction and water reduction. 
The first reaction is the most likely to occur during polarisation while the second 
reaction takes place only at relatively negative potentials [301]. Therefore, the increase 
of current density visible for all polarisation curves in Figure 6.10 at potentials more 
negative than -1125 mV (SCE) is probably due to water reduction.  
With the exception of the Al-5.0at.%Cu alloy conversion coated for 600 s which 
exhibited a moderate increase in the open circuit potential, all the other conversion 
coated specimens exhibit moderately  low decrease in open circuit potential compared 
with the as-sputtered alloy, and, after this conversion treatment time, the lowest 
corrosion current density was exhibited. This indicates that the conversion coatings 
formed on the alloy surface after 600 s conversion treatment time, inhibit the cathodic 
reaction. The cathodic reaction taking place in this alloy is similar to that observed on 
the Al-1.0at.Cu alloy but with water reduction reaction taking place at potentials more 
negative than approximately -1000 mV (SCE). 
For the conversion coated Al-10at.%Cu alloy, a slight increase in open circuit potential 
is evident compared with the as-sputtered alloy in aerated chloride solution. However, 
the corrosion potential of the sputtered alloy was shifted to more positive values as a 
result of the conversion treatment process. This positive shift in the corrosion potentials 
of the conversion treated alloy suggests that conversion coating formed on this alloy 
exhibit little or no efficient barrier protection. With the exception of the alloy specimen 
conversion coated for 600 s, which exhibited a slightly reduced corrosion current 
density, the 30, 60, 180 and 300 s conversion treatment times are associated with 
relatively high corrosion current densities. This also suggests that the conversion 
coatings formed on the alloy after these treatment times will provide less efficient 
barrier protection against the anodic dissolution of the alloy under the aggressive 
conditions investigated. 
Compared with the as-sputtered Al-30at.%Cu alloy, a slight decrease in open circuit 
potential was observed for the conversion treated alloy. However, the conversion coated 
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Al-30at.%Cu alloy also exhibited a slight positive shift in the corrosion potential 
compared with the as-sputtered alloy. This positive shift in corrosion potential is similar 
to that observed for the conversion treated Al-10at.%Cu alloy. The rather slight increase 
in corrosion potential observed for this alloy indicates that the conversion treatment 
gives little or no barrier protection against the cathodic reaction taking place. 
The difference between the corrosion potential (Ecorr) and the pitting potential (Epit) can 
be used to evaluate pitting corrosion resistance of the conversion treated specimens. For 
the conversion treated Al-1.0at.%Cu alloy specimens, an increase in open circuit 
potential and pitting potential is observed. Anodic polarisation curves for the conversion 
treated alloy specimens in deaerated sodium chloride solution were characterised by a 
positive shift in the corrosion potential and a high open circuit potential relative to the 
as-sputtered alloy. The anodic polarisation curves are strongly influenced by the 
existence of defects in the conversion coatings formed on the alloy. However, the 
shorter conversion treatment time of 30 s displayed a significant effect (Ecorr was shifted 
to more negative value) although the open circuit potential was similar and the pitting 
potential remained almost the same for the as-sputtered alloy. This indicates that the 
conversion coatings formed on the alloy specimen after the shorter treatment time of 30 
s acts to reduce the anodic reaction on the alloy.  
Anodic polarisation curves for the conversion treated Al-5.0at.%Cu alloy specimens 
were characterised by a strong positive shift in the corrosion potential and a high open 
circuit potential and anodic current densities relative to the as-sputtered alloy. However, 
the conversion treated Al-5.0at.%Cu alloy specimens did not show an extended passive 
region compared with that exhibited by the as-sputtered alloy specimen. This indicates 
that the conversion coating formed on the alloy, most likely exhibits several defects in 
the conversion layer mainly in the form of cracks or small coating portions detached 
from the alloy substrate. Hence, the zirconium conversion coating does not modify the 
behaviour at flaw sites. 
For the Al-10at.%Cu alloy, a similar behaviour to that exhibited by the conversion 
treated Al-5.0at.%Cu alloy is observed. Although positive shifts in corrosion potentials 
were observed for the conversion treated alloy, the anodic current densities were also 
shifted towards more positive values. Hence, for this alloy, the zirconium conversion 
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treatment does not provide significant anodic barrier properties. This is likely due to 
cracks or flaws in the coatings formed on the alloy. 
 An evaluation of zirconium conversion treatment for the corrosion protection of the Al-
30at.%Cu alloy shows that the zirconium-based conversion coating protects the alloy 
surface from pitting by suppressing the corrosion potential while transporting the pitting 
potential to more positive values. The anodic polarisation curve for the alloy conversion 
treated for 180 s exhibit an extended passive range characterised by a very low anodic 
current density. The corrosion current density for the 180 s conversion treatment time is 
much lower than that for the as-sputtered alloy including all other treatment times. This 
indicates that the conversion coatings formed on the alloy after 180 s immersion in the 
zirconium-based conversion solution are able to protect the substrate by providing a 
good barrier against localised corrosion attack.  
By comparing the cathodic and anodic polarisation curves for each of the as-sputtered 
superpure aluminium and Al-Cu model alloys, it is evident that in deaerated solutions 
the corrosion potentials of the superpure aluminium, Al-1.0at.%Cu and Al-5.0at.%Cu 
alloys were significantly shifted to more negative potential values compared with their 
corrosion potential in aerated solution. This phenomenon indicates that in aerated 
solution oxygen reduction taking place on the aluminium surface is a decisive cathodic 
process determining the open circuit potential of aluminium. On the other hand, the 
corrosion potentials of the Al-10at.%Cu and Al-30at.%Cu alloys changed far less as a 
result of the deaerated condition, revealing that reduction of dissolved oxygen is a slow 
process on the surface of these alloys. 
6.5.2 Filiform corrosion 
Several studies on filiform corrosion of painted aluminium [136, 141, 301] have 
emphasised the significance of the near-surface substrate microstructure. Highly 
deformed surface layers (of the order 1 µm in thickness) on rolled aluminium sheet may 
become electrochemically active as a result of subsequent heat treatment. The high 
susceptibility of aluminium alloys to filiform corrosion was primarily attributed to a 
fine distribution of cathodic intermetallic particles in the surface layer [141, 301]. 
Filiform corrosion is usually initiated at areas of defects in the oxide layer. The filiform 
corrosion filaments consists of two parts namely, an active head and a trailing tail. 
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Filament propagation is driven by oxygen which diffuses through the filament tail and 
leads to the separation of anodic and cathodic regions. This implies that the principal 
site of cathodic oxygen reduction lies towards the trailing edge while that of the anodic 
metal dissolution lies towards the leading edge of the filament head. The aluminium 
chloride and other hydrolysis products of aluminium salt solution that are formed 
maintained a low pH [128]. When this condition is sufficiently aggressive, it weakens 
the adhesion of the coating and thus initiates filiform corrosion. Therefore, efficient 
inhibition of the reduction reactions occurring at the cathodic particles should be an 
important characteristic of conversion coatings to prevent filiform corrosion.  
In this study, the results obtained for the zirconium-based conversion treated specimens 
indicate that the formation of the conversion coating significantly reduced the extent of 
continuous disbonding along the scribe. Since filiform corrosion attacks shorter than 2 
mm are normally considered to be an acceptable result in this test, evidently, good 
filiform corrosion resistance can be obtained by the zirconium-based conversion 
treatment. Although acceptable results were obtained for the as-sputtered specimens, the 
zirconium-based conversion coating possesses the ability to inhibit the corrosion 
process and to provide better coating adhesion.  The results obtained for all the 
conversion treatment time indicate that poor zirconium conversion coating coverage 
(obtained after shorter immersion times) of the aluminium and alloy matrixes does not 
necessarily imply a poor filiform corrosion resistance conversion coated specimens. 
Filiform corrosion studies conducted by Afseth et al [141], provided strong evidence 
that filiform corrosion is largely controlled by microgalvanic coupling between the 
aluminium matrix and noble second phase particles. Thus, the efficient inhibition of the 
cathodic activity on intermetallic particles is likely more important than complete 
coverage of the aluminium matrix as far as filiform corrosion resistance is concerned. 
Poor zirconium conversion coating (ZrCC) coverage may, however, cause reduced 
adhesion to paints and adhesives since the aluminium oxide/polymer interface area 
would exhibit a lower hydrolytic stability than the ZrCC/polymer interface. 
6.5.3 Salt spray 
Salt spray testing provides information about the combined impact of corrosion attack 
and adhesion. ASTM B117 salt spray testing examined the degree of uniformity and 
295 
 
porosity of the coating layer and also revealed general information about the barrier 
properties of the zirconium-based conversion coating. The results in Figures 6.47 – 6.50 
indicated that the superpure aluminium specimen coated for 180 s in the zirconium 
conversion bath solution, performed successfully and protected the sputtered-deposited 
superpure aluminium specimens from corrosion attack by pitting throughout the entire 
salt spray exposure time of 1000 h. It appears that the conversion coating formed on Al-
1.0at.%Cu, Al-5.0at.%Cu and Al-10at.%Cu alloys after 180 s immersion conversion 
bath exhibit some barrier properties against corrosion attack in the salt fog. However, 
for the Al-30at.%Cu alloy, the results in Figures 6.49 – 6.50 indicated the alloy 
specimens conversion coated for 180 s exhibited a moderate level of protection. 
However, at the end of the 504 h exposure to the salt fog, no single conversion 
treatment time is successful on the Al-30at.%Cu alloy. It appears that the scribe on the 
alloy allowed the penetration of NaCl solution into the alloy substrates. The porosity of 
the conversion coating act as a transport conduit for the aggressive chloride solution and 
delamination and blistering of the coating were evident at the end of 168 h of salt spray 
exposure. Thus, it can be concluded that the bad corrosion protection of the Al-
30at.%Cu alloy is due to the porosity and poor adhesion properties of the conversion 
coating. 
6.6 Summary 
A simple and environmentally friendly zirconium-based conversion coating treatment 
has been examined and tested for the corrosion protection of aluminium alloys. The 
following is a summary of key findings. 
1. An increase of the copper concentration in the nominal composition of the 
binary Al-Cu alloys increased the activity of the conversion treated alloys 
compared with the conversion treated superpure aluminium specimens. Thus, 
aluminium-copper alloys are more difficult to protect due to copper enrichment 
which hinders passivation reaction when the alloy are conversion treated. 
2. The zirconium-based conversion layer formed on the superpure aluminium 
specimens strongly reduces the area available for cathodic reaction 
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3. The zirconium-based conversion coating formed after 60 s and 180 s of 
treatment provides good corrosion resistance which can be attributed to the high 
stability of the compounds that constitute the surface oxide layer, and good 
adhesion properties.  
4. The application of a zirconium-based conversion coating to the Al-30at.%Cu 
alloy improves the anodic inhibition of the alloy and reduces the corrosion 
current density. 
5. The results of the filiform corrosion test obtained for all the conversion 
treatment time indicate that poor zirconium conversion coating coverage of the 
aluminium and alloy matrixes does not necessarily imply a poor filiform 
corrosion resistance conversion coated specimens. 
6. The results obtained after exposure of superpure aluminium, Al-1.0at.%Cu, Al-
5.0at.%Cu and Al-10at.%Cu alloys reveal that the zirconium-based conversion 
coatings provided good coating adhesion  and barrier properties against 
corrosion attack in the salt fog 
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Figure 6.1 (a) A comparison of potential-time response of untreated and treated 
superpure aluminium specimens in aerated 3.5 wt.% NaCl solution.  
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Figure 6.1 (b) A comparison of potential-time response of untreated and treated 
superpure aluminium specimens in deaerated 3.5 wt.% NaCl solution.  
299 
 
-1400
-1300
-1200
-1100
-1000
-900
-800
-700
-600
0 1000 2000 3000 4000 5000 6000 7000
Time (Sec)
Po
te
n
tia
l (m
V)
Data Graph
0 s
30 s
60 s
180 s
300 s 
600 s
Figure 6.2 A comparison of potential-time response of untreated and treated the Al-
1.0at.%Cu model alloys in naturally aerated 3.5 wt.% NaCl solution.  
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Figure 6.3 A comparison of potential-time response of untreated and treated the Al-
1.0at.%Cu alloy in deaerated 3.5 wt.% NaCl solution.  
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Figure 6.4 A comparison of potential-time response of untreated and treated the Al-
5.0at.%Cu alloy in deaerated 3.5 wt.% NaCl solution.  
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Figure 6.5 A comparison of potential-time response of untreated and treated the Al-
10at.%Cu alloy in deaerated 3.5 wt.% NaCl solution.  
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Figure 6.6 A comparison of potential-time response of untreated and treated the Al-
30at.%Cu alloy in deaerated 3.5 wt.% NaCl solution.  
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Figure 6.7 Cathodic polarisation response of untreated and treated superpure aluminium 
specimens in aerated 3.5 wt.% NaCl solution. 
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Figure 6.8 The relationship between corrosion current density and treatment times for 
superpure aluminium specimens in aerated 3.5 wt.% NaCl solution. 
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Figure 6.9 Optical micrographs of the treated and untreated superpure aluminium 
specimens after cathodic polarisation in aerated 3.5 wt.% NaCl solution. (a) 0 s (b) 30 s 
(c) 60 s (d) 180 s (e) 300 s and (f) 600 s treatment times in zirconium-based conversion 
treatment solution. 
(e) (f) 
(c) (d) 
(a) (b) 
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Figure 6.10 Cathodic polarisation response of untreated and treated Al-1.0at.%Cu alloys 
in aerated 3.5 wt.% NaCl solution. 
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Figure 6.11 The relationship between corrosion current density and treatment times for 
Al-1.0at.%Cu alloys in aerated 3.5 wt.% NaCl solution. 
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Figure 6.12 Optical micrographs of the treated and untreated Al-1.0at.%Cu alloy after 
cathodic polarisation in aerated 3.5 wt.% NaCl solution. (a) 0 s (b) 30 s (c) 60 s (d) 180 
s (e) 300 s and (f) 600 s treatment times in zirconium-based conversion treatment 
solution. 
(a) (b) 
(c) (d) 
(f) (e) 
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Figure 6.13 Cathodic polarisation response of untreated and treated Al-5.0at.%Cu alloys 
in aerated 3.5 wt.% NaCl solution. 
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Figure 6.14 The relationship between corrosion current density and treatment times for 
Al-5.0at.%Cu alloys in aerated 3.5 wt.% NaCl solution. 
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Figure 6.15 Optical micrographs of the treated and untreated Al-5.0at.%Cu alloy after 
cathodic polarisation in aerated 3.5 wt.% NaCl solution. (a) 0 s (b) 30 s (c) 60 s (d) 180 
s (e) 300 s and (f) 600 s treatment times in zirconium-based conversion treatment 
solution. 
(e) (f) 
(d) 
(a) (b) 
(c) 
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Figure 6.16 Cathodic polarisation response of untreated and treated Al-10at.%Cu alloys 
in aerated 3.5 wt.% NaCl solution. 
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Figure 6.17 The relationship between corrosion current density and treatment times for 
Al-10at.%Cu alloys in aerated 3.5 wt.% NaCl solution. 
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Figure 6.18 Optical micrographs of the treated and untreated Al-10at.%Cu alloy after 
cathodic polarisation in aerated 3.5 wt.% NaCl solution. (a) 0 s (b) 30 s (c) 60 s (d) 180 
s (e) 300 s and (f) 600 s treatment times in zirconium-based conversion treatment 
solution. 
(a) (b) 
(c) (d) 
(f) (e) 
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Figure 6.19 Cathodic polarisation response of untreated and treated Al-30at.%Cu alloys 
in aerated 3.5 wt.% NaCl solution. 
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Figure 6.20 The relationship between corrosion current density and treatment times for 
Al-30at.%Cu alloys in aerated 3.5 wt.% NaCl solution. 
318 
 
   
   
   
Figure 6.21 Optical micrographs of the treated and untreated Al-30at.%Cu alloy after 
cathodic polarisation in aerated 3.5 wt.% NaCl solution. (a) 0 s (b) 30 s (c) 60 s (d) 180 
s (e) 300 s and (f) 600 s treatment times in zirconium-based conversion treatment 
solution. 
(a) (b) 
(c) (d) 
(e) (f) 
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Figure 6.22 Anodic polarisation response of untreated and treated superpure aluminium 
in deaerated 3.5 wt.% NaCl solution. 
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Figure 6.23 The relationship between corrosion current density and treatment times for 
superpure aluminium specimen in deaerated 3.5 wt.% NaCl solution. 
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Figure 6.24 Anodic polarisation response of untreated and treated Al-1.0at.%Cu alloy in 
deaerated 3.5 wt.% NaCl solution. 
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Figure 6.25 The relationship between corrosion current density and treatment times for 
Al-1.0at.%Cu alloys in deaerated 3.5 wt.% NaCl solution. 
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Figure 6.26 Anodic polarisation response of untreated and treated Al-5.0at.%Cu alloy in 
deaerated 3.5 wt.% NaCl solution. 
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Figure 6.27 The relationship between corrosion current density and treatment times for 
Al-5.0at.%Cu alloys in deaerated 3.5 wt.% NaCl solution. 
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Figure 6.28 Anodic polarisation response of untreated and treated Al-10at.%Cu alloy in 
deaerated 3.5 wt.% NaCl solution. 
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Figure 6.29 The relationship between corrosion current density and treatment times for 
Al-10at.%Cu alloys in deaerated 3.5 wt.% NaCl solution. 
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Figure 6.30 Anodic polarisation response of untreated and treated Al-30at.%Cu alloy in 
deaerated 3.5 wt.% NaCl solution. 
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Figure 6.31 The relationship between corrosion current density and treatment times for 
Al-30at.%Cu alloys in deaerated 3.5 wt.% NaCl solution. 
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Figure 6.32 Average maximum filament lengths as a function of exposure time 
developed on as-sputtered (0 s) and conversion treated superpure aluminium specimens. 
 
 
Figure 6.33 Average maximum filament lengths as a function of exposure time 
developed on as-sputtered (0 s) and conversion treated Al-1.0at.%Cu alloy specimens. 
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Figure 6.34 Average maximum filament lengths as a function of exposure time 
developed on as-sputtered (0 s) and conversion treated Al-5.0at.%Cu alloy specimens. 
 
 
Figure 6.35 Average maximum filament lengths as a function of exposure time 
developed on as-sputtered (0 s) and conversion treated Al-10at.%Cu alloy specimens. 
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Figure 6.36 Average maximum filament lengths as a function of exposure time 
developed on as-sputtered (0 s) and conversion treated Al-30at.%Cu alloy specimens. 
332 
 
     
 
     
 
 
Figure 6.37 Digital images of filiform corrosion morphology of superpure aluminium 
after 3000 h exposure (a) as-sputtered (0 s), (b) 30 s, (c) 60 s, (d) 180 s, (e) 300 s and (f) 
600 s conversion treated specimens. 
(a) (b) (c) 
(d) (e) (f) 
333 
 
     
 
     
 
 
Figure 6.38 Digital images of filiform corrosion morphology of the Al-1.0at.%Cu alloy 
after 3000 h exposure (a) as-sputtered (0 s), (b) 30 s, (c) 60 s, (d) 180 s, (e) 300 s and (f) 
600 s conversion treated specimens. 
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Figure 6.39 Digital images of filiform corrosion morphology of the Al-5.0at.%Cu alloy 
after 3000 h exposure (a) as-sputtered (0 s), (b) 30 s, (c) 60 s, (d) 180 s, (e) 300 s and (f) 
600 s conversion treated specimens. 
(a) (b) (c) 
(d) (e) (f) 
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Figure 6.40 Digital images of filiform corrosion morphology of the Al-10at.%Cu alloy 
after 3000 h exposure (a) as-sputtered (0 s), (b) 30 s, (c) 60 s, (d) 180 s, (e) 300 s and (f) 
600 s conversion treated specimens. 
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Figure 6.41 Digital images of filiform corrosion morphology of the Al-30at.%Cu alloy 
after 3000 h exposure (a) as-sputtered (0 s), (b) 30 s, (c) 60 s, (d) 180 s, (e) 300 s and (f) 
600 s conversion treated specimens. 
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(d) (e) (f) 
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Figure 6.42 Photographs of superpure aluminium specimens after 1000 h exposure in 
the salt spray chamber. (a) as-sputtered (0 s), (b) 30 s, (c) 180 s, (d) 300 s and (e) 600 s 
of conversion treatment. 
 
      
 
 
Figure 6.43 Photographs of the Al-1.0at.%Cu alloy specimens after 1000 h exposure in 
the salt spray chamber. (a) as-sputtered (0 s), (b) 30 s, (c) 180 s, (d) 300 s and (e) 600 s 
of conversion treatment. 
 
     
 
 
Figure 6.44 Photographs of the Al-5.0at.%Cu alloy specimens after 1000 h exposure in 
the salt spray chamber. (a) as-sputtered (0 s), (b) 30 s, (c) 180 s, (d) 300 s and (e) 600 s 
of conversion treatment. 
(a) (b) (c) (d) (e) 
(a) (b) (c) (d) (e) 
(a) (b) (c) (d) (e) 
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Figure 6.45 Photographs of the Al-10at.%Cu alloy specimens after 1000 h exposure in 
the salt spray chamber. (a) as-sputtered (0 s), (b) 30 s, (c) 180 s, (d) 300 s and (e) 600 s 
of conversion treatment. 
 
 
     
 
 
Figure 6.46 Photographs of the Al-30at.%Cu alloy specimens after 1000 h exposure in 
the salt spray chamber. (a) as-sputtered (0 s), (b) 30 s, (c) 180 s, (d) 300 s and (e) 600 s 
of conversion treatment. 
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Figure 6.47 Rankings of the degree of corrosion at 168 h visual inspection for as-
sputtered and conversion treated specimens. 
 
 
Figure 6.48 Rankings of the degree of corrosion at 336 h visual inspection for as-
sputtered and conversion treated specimens. 
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Figure 6.49 Rankings of the degree of corrosion at 504 h visual inspection for as-
sputtered and conversion treated specimens. 
 
 
Figure 6.50 Rankings of the degree of corrosion at 1000 h visual inspection for as-
sputtered and conversion treated specimens. 
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CHAPTER 7 
7 CONCLUSIONS AND FUTURE WORK 
7.1 Conclusions 
The objectives of this study have been to develop a better understanding of the 
zirconium conversion coating formation process and its corrosion inhibition 
mechanisms. Research in three areas has been carried out to achieve those objectives: 
coating formation process on aluminium and effects of conversion treatment time 
(immersion time) and copper content of the aluminium-copper binary alloys on coating 
formation and corrosion inhibition mechanisms of zirconium-based conversion 
coatings. Electrochemical approaches in combination with material characterisation 
techniques were employed to correlate the compositions and microstructures of copper-
containing aluminium alloys to localised corrosion and protection by zirconium 
conversion coating. The following is a list of the main findings: 
1. Aluminium-copper binary alloys are less susceptible to pit initiation compared 
with aluminium in its pure state provided that the alloyed copper is retained in 
solid solution. This effect is evident in the present work with pitting potential 
increasing with copper content in aluminium-copper solid solution alloys. 
However, the corrosion rates of aluminium-copper alloys containing up to 
30at.% copper were found to increase with increasing copper content, indicating 
that the barrier corrosion resistance of aluminium alloys will decrease with 
increasing copper content. This effect was attributed to galvanic cells created by 
formation of minute copper particles or films deposited onto the alloy surface as 
a result of corrosion.  
2. The zirconium conversion coating formation on superpure aluminium and 
aluminium-copper alloys is influenced by microstructural heterogeneity. The 
conversion coatings formed on the surface of aluminium are relatively 
homogenous while on aluminium-copper alloys, it is in most cases 
heterogeneous. The coating development on the superpure aluminium is 
suggested to proceed by the anodic dissolution of aluminium at anodic sites and 
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cathodic deposition of zirconium oxide species at cathodic sites. The cathodic 
sites are derived from flaws generated by impurity segregates in the superpure 
aluminium substrate. The conversion coating developed on model aluminium-
copper binary alloys is suggested to proceed in the following manner; at 
immersion of alloy specimens in the conversion coating bath, the alumina oxide 
film is thinned in the acidic fluoride solution. Cathodic and anodic activities 
proceed on the alloy surface, but depend on the heterogeneous nature of the 
alloy material. 
3. The zirconium-based conversion coating developed on superpure aluminium is 
not uniform in the initial stages of coating development. Such non-uniformity is 
generated from the presence of residual flaws, which arise from impurity 
segregates. Increasing the treatment time resulted in an increase in coating 
thickness, but little change in coating composition occurred as determined by 
RBS.  
4. In high copper-content aluminium alloys, the initial coating growth developed 
with oxidation of aluminium only, while copper enriches in the alloy. However, 
copper is eventually incorporated into the coating when copper is sufficiently 
enriched in the alloy and thus, the thickness of the conversion coating formed 
then reduces over the general surface of the alloy specimen, with the coating 
subsequently formed on the alloys being relatively thin compared to that formed 
on the superpure aluminium substrates. Thus, the addition of alloying elements, 
with the formation of Al-1.0at.%Cu, Al-5.0at.%Cu, Al-10at.%Cu and Al-
30at.%Cu alloys, reduces the growth rate of the conversion coating as well as 
the consumption of the alloy substrates. Therefore, increasing the conversion 
treatment time results in an increase in coating thickness for the superpure 
aluminium substrates, but little or no change in coating thickness occurred for 
aluminium-copper model alloys after prolonged immersion in the conversion 
bath solution. 
5. The presence of the conversion coating on the aluminium matrix and model 
aluminium-copper binary alloys was indicated by the detection of the elements 
oxygen, zirconium, and aluminium which were labelled in the various RBS 
spectra for different treatment times. The zirconium-based conversion coating 
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developed on the specimens is composed of an outer layer of ZrO2.nH2O with 
hydrated aluminium oxide adjacent to the metal /coating interface. 
6. The corrosion protection provided by the conversion coating was studied by 
electrochemical measurements and accelerated corrosion tests. Comparing the 
corrosion behaviour of superpure aluminium with that of the alloy in chloride 
solution and the inhibition of corrosion offered by zirconium species, it is 
suggested that the mechanism of corrosion inhibition by zirconium is influenced 
by the amount of non-aluminium elements present in the superpure aluminium 
as impurities and alloying elements in the alloy, and treatment time in the 
zirconium bath.  
7. The copper content in the alloy has two different effects on zirconium 
conversion coating protection. Copper is beneficial to zirconium conversion 
coating protection for the conversion treatments applied to aluminium-copper 
alloys. However, copper is detrimental if enriched on alloy surfaces with more 
copper content. Under free corrosion conditions in aerated chloride solutions, 
the corrosion potential increases as a result of copper enrichment on the surface; 
this facilitates the oxygen reduction reaction. As a result of this, the overall 
influence of copper on corrosion behaviour is detrimental, despite the increase in 
pitting potentials observed with copper-containing aluminium alloys. 
8. The conversion coating formed after 60 s and 180 s of immersion in the 
zirconium-based conversion coating bath provide good corrosion resistance 
which can be attributed to the high stability of the compounds that constitute the 
surface oxide layer, and good adhesion properties.  
7.2 Suggestions for Future Work 
This work has opened up some issues that are of interest for future study of zirconium 
conversion coatings and other chrome-free conversion coatings. However, there are a 
number of issues that remain unresolved and new questions that have arisen over the 
course of this work. Therefore, the following is a list of suggestions for future research 
work. 
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1. Study of the relationship between surface roughness and pit initiation rate for 
superpure aluminium and aluminium-copper solid solution alloys will elucidate 
the mechanism of pit initiation further. 
2. This study revealed the effects of ageing in dry air on the morphology of the 
coating. However, the structural and compositional changes of zirconium-based 
conversion coating during ageing need to be characterised in order to understand 
the effect of ageing on coating properties. 
3. In this study, as-sputtered aluminium-copper alloys were not pre-treated prior to 
conversion coating treatment; however, in industrial contexts, aluminium 
surfaces are generally pre-treated with an acidic solution prior to immersion in a 
coating bath. Hence, the effect of a standard pre-treatment on corrosion 
protection performance of zirconium conversion coating should be studied.  
4. In this study, coating formation and inhibition mechanism on superpure 
aluminium and model Al-Cu alloys were examined by complementary surface 
analytical techniques. It will be of interest however, to know how AA2xxx, 
AA6xxx and AA7xxx commercial alloys will behave in similar experiments. 
The roles of intermetallic particles on coating formation and protection 
mechanisms may also be examined. Careful characterisation is necessary to 
understand the corrosion behaviour and performance of the commercial 
aluminium alloys. The chemical composition of precipitates on grain boundaries 
and in the matrix, solute deplete zones, precipitate free zones, and coarse 
intermetallic compounds need to be examined using TEM and Auger electron 
spectroscopy (AES) in order to understand the effect of alloy temper on the 
corrosion performance of commercial aluminium alloys. 
5. The results from this study showed the critical roles played by the zirconium-
based conversion treatment bath composition on the coating formation and the 
inhibitive effect of zirconium-based conversion coating. These results may be 
applied to guide the development of and other chromate-free coating systems 
such as cerium, vanadate, molybdate and titanium based bath formulations. 
These coating bath chemistries may produce corrosion resistant coatings 
comparative with chromate conversion coatings on aluminium alloys. Further 
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investigation needs to be carried out on hybrid systems of zirconium (such as Zr-
Ti) and the possibilities of conversion treatments systems containing a larger 
number of components. It will be constructive to extend the analyses to compare 
the observations with the performance of the surfaces for corrosion resistance, 
bonding and other applications. 
6. It would also be desirable to extend the analysis to techniques such as X-ray 
photoelectron spectroscopy (XPS) and secondary ion mass spectroscopy 
(SIMS). These would allow the chemical state of elements in the conversion 
layer, the presence of hydrogen and the nature of the conversion layer to be 
analysed. In addition, focused ion beam (FIB) and scanning transmission 
electron microscopy (STEM) analytical techniques should be used to investigate 
the copper enrichment at the interface between zirconium conversion coating 
and aluminium alloys. 
7. Polarisation studies, filiform corrosion and salt spray testing were employed in 
this work to evaluate the protection by zirconium conversion coatings. 
Electrochemical impedance spectroscopy (EIS) should be used to compare the 
results obtained in this work. Surface analyses using AES, XPS and X-ray 
absorption near edge structure (XANES) should be used to characterise 
specimens after long-term salt spray exposure since this will help in 
understanding the mechanism of zirconium conversion coating breakdown. 
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